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Preface

Conducting polymers were discovered in the 1970s in Japan. Since this discovery, there
has been a steady flow of new ideas, new understanding, new conducing polymer (or-
ganics) structures and devices with enhanced performance. Several breakthroughs have
been made in the design and fabrication technology of the organic devices. Almost all
properties, mechanical, electrical, and optical, are important in organics. Great advances
have been made in the understanding of the transport of charge carriers in the conduct-
ing organics. High performance LEDs, lasers, solar cells and transistors have also been
developed. The performance of organic transistors has become comparable to that of the
amorphous Si transistors while the performance and stability of the organic LEDs have
become so good that they have already reached the market place. The reported efficiency
of the bulk heterojunction organic solar cells is already more than 5%. This book de-
scribes the recent advances in these organic materials and devices.

The number of papers which have recently been published on the organic materials and
devices has become very large. We have included some 200 papers in the bibliography,
which are most relevant for the coherent description of recent developments. To make the
bibliography more useful, titles of the most important papers have been included, and the
subject matter is treated at an appropriate level for students as well as senior researchers
interested in the design and modelling of the organic devices.

The authors have benefited from interaction and collaboration with such a large num-
ber of colleagues that it is difficult to mention them all individually. Our discussions with
Prof. A.M. Stoneham of University College, London, Prof. A. Atkinson of Imperial Col-
lege, London, and Dr. M.N. Kamalasanan of National Physical Laboratory, New Delhi,
have been very useful. One of us (S.C.J.) has derived considerable benefit from his stay
at IMEC and also as a visiting professor of KU Leuven. Mrs. Anubha Jain helped in the
organization of the material in this book and made useful suggestions. We are indebted
to Mr. Pankaj Kumar for many useful discussions. Mr. Kumar read the whole manuscript
and made many useful suggestions.

We wish to extend special thanks to Mr. David G. Sleeman, of Elsevier UK, for his
personal support for this book. He always showed the utmost consideration to us. It was
due to the skill and efforts of Mr. Sleeman that the book could be completed in time. He
deserves our sincere thanks.
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support and help during the preparation of this book.

S.C. Jain

Magnus Willander
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CHAPTER 1
INTRODUCTION

1.1. Advantages of Conducting Polymers

Plastics created a lot of excitement in the 1940s and 1950s. These plastics were insu-
lators. Until the early 1970s the idea that plastics could conduct electricity would have
appeared absurd. The first conducting polymer was synthesized in the 1970s. In the early
1970s a graduate student in Shirakawa’s laboratory in Tokyo was trying to make poly-
acetylene from the acetylene gas. Instead of the polyacetylene (which is known to be
a dark powder), the student produced a lustrous metallic looking film. The film looked
like an aluminum film but stretched like a thin plastic sheet. Accidentally the student
had added 1000 times more catalyst than the amount required to produce polyacetylene.
Subsequently Shirakawa collaborating with MacDiarmid and Heeger of the University of
Pennsylvania could increase the conductivity of the polyacetylene films a billion times
by doping it with iodine. The doped films looked like golden metallic sheets. Later more
than a dozen organic polymers could be made conducting by appropriate doping. Now
plastics with conductivity comparable to that of copper can be easily fabricated. Early
work on conducting plastics is described in [1-8].

The semiconducting conjugated polymers can be used as the active layer in LEDs,
field effect transistors, solar cells, photodiodes, electrochemical cells and memory de-
vices. They have proved to be of great importance as an active medium in lasers. These
devices are being pushed toward commercialization because they can be fabricated by
inexpensive techniques, such as spin coating, ink-jet printing, low temperature fiber draw-
ing and screen-printing on the flexible substrates. This leads to a real advantage over the
expensive and sophisticated technology used with inorganic materials in the semiconduc-
tor industry. The glass and flexible plastic foil make these devices particularly interesting
because of the advantages they offer in terms of flexibility, low power, low weight, and
low cost. In view of the above advantages, conducting plastics have emerged as a new
class of electronic materials. It is possible that by the year 2010, silicon might hit the wall
and the conducting polymers may become the major players in the field of semiconductor
devices.

The polymers consist of chains, each chain contains C-H or related groups bound
together by strong sigma bonds, which provide strength and integrity to the polymer.
Inter-chain coupling is small. Therefore the materials are quasi-one dimensional (quasi-
1D). The structure allows the dopant atoms or molecules to go in space in-between the
chains.
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1.2. Early Attempts for Applications

Early work on the conducting polymers has been discussed in the reviews [2,9,10].
Early applications of polymers as processible conductors are also given in these publi-
cations. There were attempts to commercialize the conducting polymer products. Two
Japanese companies manufactured rechargeable button-cell batteries. The batteries used
polyaniline and lithium electrodes. These batteries had a longer lifetime than the nickel—
cadmium and lead—acid batteries. However the venture was not successful. A textile
manufacturer Milliken and Company in the USA developed a fabric known as Contex.
Contex had conducting polymer polypyrrole interwoven with other common synthetics.
This fabric is excellent for camouflage because it fools the radar by making it appear that
the signal is going through empty space. Contex was approved for use but for a variety of
reasons the material was not successful. The annual damage to electronic equipment by
electrostatic charges is estimated to be more than $15 million. At present the protective
packaging relies on ionic salts or resins filled with metals or carbon. The conductivity of
ionic salts is low and it is unstable. A metal is expensive and heavy. Carbon bits cast off
during shipment and can cause contamination. IBM is developing a polyaniline solution,
known as PanAquas. If conductivity of PanAquas could be increased, it could replace the
lead based solder, which is hazardous. Polymers are good candidates for electromagnetic
shielding also. Allied Signals developed a product named Versacon, which was similar in
performance to the IBM PanAquas. Several companies incorporated it in paints and coat-
ings. However the volume of sales continued to be too small and Allied had to stop its
production. As compared to Versacon, which is in a powder form, PanAquas is a solution
and is transparent. Epstein has a patent on a technique to join two pieces of plastics using
conducting polymer polyaniline. The pieces to be joined are sprinkled with polyaniline
and irradiated with microwaves. Polyaniline absorbs the energy from microwaves, melts
and fuses the two pieces together. MacDiarmid and collaborators have made polymer
electromechanical mechanisms. The polymers undergo large changes in dimensions with
small electric currents. Potentially several microactuators coupled together could be used
as artificial muscles.

1.3. Growth and Properties

Monolayer control of thickness of organic films has been obtained using the Langmuir—
Blodgett film deposition technique as well as layers grown by self-assembled monolayer
from solutions [11]. However the structure of the films grown by these methods cannot
be controlled accurately. Since its emergence in the mid-1980s, Organic Molecular Beam
Epitaxy (OMBE) has become an important technique for deposition of organic films with
monolayer thickness control in atomically clean environments. Extreme chemical and
structural control of the films is also obtained. Forrest [11] has written an extensive review
on the structure and properties of the films grown by this method.

Typical conductivity values of several polymers are shown in Fig. 1.1. The conductivity
of polymers is compared with the conductivity of other solids in Fig. 1.2. It is seen that
the maximum conductivity is quite high and close to that of good metals.



Introduction 3

logo (S/cm)
CH)x PAN PPy PT Others
A A A A A

?:2 E 0}

@t m
GRS R B
@ oo ®

(0) — (q)
() —
(s) 7

(p) -

_'.o—\ww-b-cnoa>

-2 () (K)—
-3

-5 (U

-6 (w) -
-7

-9
-10 (u) (v) — ) V(@)
-11
-12
-13
-14]
-15)

FI1G. 1.1. Observed conductivity of several conducting polymers. Low values of conductivity are obtained in
the pristine conducting polymers containing high degree of disorder. Conductivity increases with stretching,
which aligns the molecular chains of the fiber and produces more ordered regions. The high conductivity under
the heading ‘Others’ is for the sulphuric doped PPV and AsF5 doped PPP. For more details see Ref. [12] from
where the figure has been taken. Note that conductivity close to that of copper has been achieved.

Though conductivity of polyaniline is not as high as that of some other polymers, it
is emerging as the material of choice for many applications. It is stable in air and its
electronic properties can be easily tailored. It is one of the oldest synthetic polymers, and
probably it is the cheapest conducting polymer used in devices. It can be easily fabricated
as thin films or patterned surfaces. Polyaniline will never replace the materials which have
extremely high conductivity. However, it will be useful for certain specific applications.
Andy Monkman has a program to extrude the polymer braids and lay the insulation of the
coaxial cables in a single step. The work is supported by a cable company [3]. Properties
of polyacetylene are discussed in detail in Chapter 2.

Excitations in conducting polymers consist of localized polarons. The polarons can be
singly charged, doubly charged or neutral polaron-exciton [15]. This localization results
in large binding energy of the excitons. If there are no quenching centers in the polymer,
this localization results in very high luminescence efficiencies. There are no satisfactory
theories of conducting polymers. The widely quoted SSH Hamiltonian neglects electron
energies. It gives results, which agree with experiments in many cases. Many experiments
show discrepancy with the theory by up to 50%. Almost any theory can be defended by
using a restricted set of data. In many cases the inconvenient data is dismissed as the
product of bad samples by simply ignoring the data altogether. Optical properties are
discussed briefly in Chapter 3. More detailed description of individual polymers is given
in the chapters on LEDs and solar cells.
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F1G. 1.2. Conductivity of polymers varies over 16 orders of magnitude. Both experiments and theory suggest
that ultimate conductivity will be larger than that of copper as shown by the dotted arrow [12,13].

Much of the modeling of devices requires knowledge of the mechanism of the trans-
port of charge carriers in the conducting organics. Because of the importance of transport
properties, extensive work has been done on this topic. Transport properties are also dis-
cussed in detail in Chapter 3.

1.4. Active Devices

Since the discovery of electroluminescence from organic materials it has been recog-
nized that the conducting polymers are important for fabricating the Organic Light Emit-
ting Diodes (OLEDs). To improve the performance of OLEDs a good understanding of
basic device physics is very necessary. Today OLED technology has become a competi-
tor for conventional light sources and display technologies like liquid crystal displays.
Displays based on organic semiconductors have already entered the market. Flat panel
displays and LEDs, antistatic coatings, electromagnetic shielding, lights for toys, mi-
crowave ovens are important applications being pursued now. UNIAX Corporation in
Santa Barbara has demonstrated alphanumeric OLED displays [3].
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There is a large demand of green, blue and violet Light Emitting Diodes (LEDs) and
lasers. These light sources are required for full color displays, laser printers, high-density
information storage and for under-water optical communication. By reducing the laser
wavelength from the present red to 360 nm the information that can be stored in a compact
disc can be increased by a factor 4. These emitters will also be very useful in design-
ing and developing instruments for medical diagnostics and all solid state full color flat
panel displays. They will save power by replacing incandescent lamps with LEDs. The
quest for blue and green semiconductor light sources has been on for over 30 years. Due
to several breakthroughs in the early 1990s, violet, blue and green semiconductor light
emitters have become available. During the present decade the evolution and rise of blue
and green LEDs and lasers have taken place at an extraordinary pace. The materials and
optoelectronic devices emitting light are reviewed in Chapter 4. One of the most spec-
tacular achievements of this decade is the development of the violet, blue and green light
emitting diodes, optically pumped lasers and laser diodes. These devices are based on
conducting polymers and oligomers, III-Nitrides, and II-VI semiconductors. Work on the
properties of organic materials and devices is described in Chapter 4. Organic electrolu-
minescence has bright feature for low cost, lightweight, large area flexible full color flat
panel electronic displays. LEDs are discussed in Chapter 4.

Organic solar cells have reached efficiencies exceeding 4%. In fact power conversion
efficiencies of organic solar cells have reached an impressive 5%. This has been possible
because of the discovery of bulk heterojunction solar cells. Solar cells are discussed in
Chapter 5.

First organic thin film transistors were fabricated more than 15 years ago [16]. Very sig-
nificant improvements have been made in the performance of OFETs. Organic Thin Film
Field Effect Transistors (OFETs or OTFTs) are of great interest for both academic and
industrial institutions. Several authors have fabricated organic OFETs with performance
comparable to the best amorphous silicon transistors. The mobility of the charge carriers
is improved considerably. In pentacene transistors mobility of more than 1 cm?/V s has
been obtained. The transistors have application as drivers for flat-panel displays, smart
cards, electronic barcodes and in other low cost electronic devices. OFETSs are discussed
in Chapter 6. The transport of the charge carrier in OFETs has been generally interpreted
using the mobility model. The mobility of highly pure and defect free crystals of small
molecules follows the same behavior as the inorganic semiconductors. In this case, mo-
bility decreases with temperature. The mobility in OFETs is also discussed in Chapter 6.
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CHAPTER 2
POLYACETYLENE

2.1. Structure, Growth, and Properties
2.1.1. STRUCTURE

Polyacetylene is the simplest conducting polymer. The two forms of conducting poly-
acetylene, known as trans-polyacetylene (or 7-PA) and cis-polyacetylene (or c-PA), exist.
They are shown in Fig. 2.1(a). The bandgap of ¢-PA is about 1.4 eV and that of c-PA
is 2.0 eV. The 7-PA is of greater academic and technological interest. It has two degen-
erate ground states as shown in Figs. 2.1(b) and 2.1(c). The degeneracy of the ground
state of 7-PA plays a significant role in determining the properties of the polymer. Typical
polymers with non-degenerate ground states are shown in Table 2.1.

2.1.2. GROWTH AND DOPING OF POLYACETYLENE

The most commonly used method to synthesize the PA is the Shirakawa method. In this
method a smooth surface wetted by the Ziegler—Natta catalyst is exposed to the acetylene
gas. A film of PA (generally c-PA) is produced on the smooth surface. The c-PA is con-
verted to the 7-PA by heating. The process of doping also converts the c-PA to the ¢-PA.

H iH
trans-Polyacetylene /(I:QC/ cis-Polyacetylene AL=C o
(t-PA) ‘ (c- PA) C=C
H |x HH |x
@

L B N S R S

~ Cﬁ\cﬁ\céc\cﬁ\c%cﬁ\céc\cﬁ\cﬁ\cﬂ\céc\cf

H H H H H H H H H H H g
(b

H H H H H H H H H H H H

I I I I | | | I I | | I

SO GGG O o CipCr o Cr o O oG o Cs oG

H H H H H H H H H H H H
©

FIG. 2.1. (a) Structure of the 7-PA and c-PA repeat units; (b) and (c): two degenerate ground state configura-
tions of the 7-PA.
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TABLE 2.1
STRUCTURE OF THE REPEAT UNITS AND OPTICAL ABSORPTION EDGE OF FIVE NON-DEGENERATE
GROUND STATE (NDGS) CONDUCTING POLYMERS [17]

Polymer Structure Absorption edge
H H
.-’.-? 'i\
Polypyrrole (PPy) % Jfl.': c\ _c 2.5eV
X
s
H oM
c—¢
Polythiophene c“’ {\ /\E 2.0eV
(PT) c—
H
H H
}'c:c‘\
Poly(p-phenylene) (PPP) {c\\ éf:} 3.0eV
e—
H wn'x
H H H
;c_'c\ /r’c
Poly(phenylene vinylene) c\ _,{c—ck 24eV
(PPV) c—c ;
H H
H A H H H
- "*c/é‘_‘:‘\c/“xc/é\‘:\f“chﬁé\cfnxc/é_bc,
Polyaniline (PANI) é' é 1 | é é 1 é 1.6eV
. A Oy g C O 2 C e L Lz
emeraldine form N7 TG TR T I TN TN
H H H H W

The 7-PA is the high temperature stable form. The films produced by this method are
up to 90% crystalline. However they consist of fibrils which fill only about 30% of the
volume. The fibrils are 5-50 nm in diameter. The coherence length of the polymer is
10-20 nm due to the isolated chain defects or small changes in the unit cell parameters.
The #-PA films have also been prepared by using suitable precursor polymers which can
be easily produced as a film from the solution. On heating the film, volatile components
evaporate and the film of the desired polymer is formed. The films can be oriented by
stretching them during the transformation process. A third method to deposit the polymer
films is electrochemical. The monomers of the desired polymer are dissolved in an ap-
propriate solution and a potential is applied to the two electrodes dipped in the solution.
This method is frequently used for depositing the polypyrrole films. These films can also
be oriented by stretching. The stretching can be done by a factor up to 15. In the stretched
films the conductivity anisotropy can be as high as 200.

Alkali metals are commonly used as donors. The acceptors generally used are I3,
AsFy, ClO, and FeCl, . The doping is achieved by exposing the polymer to a vapor
or liquid containing the desired dopant. Since the dopant ions are highly electropositive
or electronegative, doping can also be achieved by using the polymer film as an electrode
in an electrochemical cell containing the dopants in the solution. The electrochemical
method of doping provides a better control over the dopant concentration. At low con-
centrations the dopants are distributed randomly. For larger dopant concentrations the
polymer has two phases. One phase is dopant rich and in this phase the dopant ions are
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distributed in a lattice structure. The other phase has low dopant concentration and the
distribution of dopant ions is random. At very high dopant concentration transition from
insulator to metal takes place.

As mentioned in the first chapter, monolayer control of thickness of organic films
has been obtained using the Langmuir-Blodgett film deposition technique and layers
grown by self-assembled monolayer from solutions [11]. Since its emergence in the mid-
1980s, Organic Molecular Beam Epitaxy (OMBE) has become an important technique
for deposition of organic films with monolayer thickness control in atomically clean en-
vironments. Extreme chemical and structural controlled films are obtained.

2.2. Band structure of #-PA

In the frans-polyacetylene (z-PA) the neighboring sp? hybridized orbitals pointing at
each other between two C atoms form bonding and antibonding states with a separation of
about 20 eV. The bonding energy levels are completely filled by the two electrons donated
by the two C atoms. These electrons, known as o electrons, contribute to the rigidity of
the polymer. In most organic materials the difference in the lengths of double and single
bonds is 0.2 A. In the 7-PA the difference is much less, 0.07 or 0.08 A. However it is
useful to think of double and single bonds in the #-PA also. Altogether a C atom gives
three of its 4 valence electrons to the o bonds. The fourth electron occupying the p,
orbitals couples with the neighboring p, orbitals forming the 7 band. In the tight binding
model the coupling energy ¢ is given by [14],

t= —/¢Z(r + D)Ho,(r) dr, 2.1

where ¢, (r) and ¢; (r + 1) are the orbitals in the nearest neighboring positions and H is
the Hamiltonian. The integral in Eq. (2.1) is known as the resonance or the transfer in-
tegral. For uniform spacing of the p, orbitals as shown in Fig. 2.2(a) (and neglecting the
zigzag), the value of ¢ is denoted by #y. A reliable calculation of the energies ¢ or fg is
difficult. The energies are usually determined by fitting the theory with the experiment.

For uniform spacing shown in Fig. 2.2(a) the energy dispersion relation for the = band
is [14]

& = —2tgcoska. 2.2)

Here k is the wave vector of an electron in the & band and a is the spacing between the
nearest C atoms on the polymer backbone. The energy dispersion given by Eq. (2.2) is
shown by the dashed line in Fig. 2.2(c). Since each C atom gives only one electron, the &
band is half filled and the 7-PA should be a metal. However as was first shown by Pieirls,
degeneracy of the band in the one dimensional (1D) metals is removed by spontaneous
distortion of the 1D chain. In the case of 7-PA the distortion consists of dimerization
shown in Fig. 2.2(b). Dimerization opens up a gap (~1.4 eV) and the ¢-PA becomes a
semiconductor. The band structure of the dimerized chain is shown by the solid lines in
Fig. 2.2(c).

The band structure of the dimerized chain is shown by the solid curves in Fig. 2.2(c).
A gap in the band opens and the polymer now becomes a 1D semiconductor. The bandgap
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degenerate structures of the 7-PA are shown. (e) Optical absorption spectra of undoped (curve 1) and doped
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in this case is 1.4 eV. The structures of the basic unit CoH; of ¢t-PA are shown in
Fig. 2.2(d). There are two configurations which give the same ground state energy. The
two configurations can occur in the same chain which gives rise to the formation of po-
larons, solitons and energy levels in the bandgap. Measured optical absorption of ¢-PA
is shown in Fig. 2.2(e). The width of the conduction band is small. The absorption at
~0.7-0.8 eV is due to the formation of soliton midgap levels.
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Distortion of the chain leading to the dimerization is induced by the electron—phonon
interaction. The interaction arises due to the dependence of the transfer integral (given
by Eq. (2.1)) on the spacing between the atoms which changes due to the vibrations.
Since the displacement u,, of the nth C atom due to the dimerization is small, the transfer
integral for the dimerized chain can be expressed as

t=to+ o, —upt1), o= (dt/du)y. (2.3)

To calculate the distortion due to the Pieirls instability and determine the bandgap Hamil-
tonian including the electron—phonon interaction is diagonalized and its eigenvalues are
calculated. The electron—electron interaction is neglected. The eigenvalues are given by

Ep =+(e2 +A2)'%, Ao = dauy, 2.4)

where ug is a constant and & is given by Eq. (2.2). The Pieirls gap is 8aug. The value
of ug is determined by minimizing the total energy (the sum of the electronic energy and
the lattice distortion energy). The final expression for half the gap A( can be written in
the form:

Ao = (8fp/e) exp(—1/2X), A =2a/nK1y. (2.5)

Here K is the stiffness constant. The values of the parameters generally used in Eq. (2.5)
are given in Table 2.2. These values lead to & = 4.2 eV/A and the electron—phonon
coupling constant A = 0.19. However using Eq. (2.5), the value of Ay comes out to
be only 0.53 eV which is considerably smaller than the experimental value of 0.7 eV.
Eq. (2.5) is approximate because the electron—electron interactions have been neglected.
Also the optical absorption experiments do not give a reliable value of the gap because
the absorption can occur by processes other than electronic excitation.

Takayama et al. [19] used a continuum form of the Hamiltonian and derived the fol-
lowing value of Ag

Ag = dtgexp(—1/21). (2.6)

This equation yields Ag = 0.7 eV which is in better agreement with the experiment.
Several modifications have been made in the theory. These modifications have been
reviewed in Ref. [7, see pp. 825-913].

TABLE 2.2
VALUES OF PARAMETERS GENERALLY
USED FOR CALCULATING THE PIEIRLS
GAP IN THE 7-PA [14]

Parameter Value

2A¢ 14eV
o 0.04 A
1o 25eV

K 21eV/A?
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2.3. The Solitons and the Polarons
2.3.1. THE SOLITONS

The ¢-PA is degenerate in the ground state. The two configurations shown in
Figs. 2.1(b) and 2.1(c) have the same energy. The two configurations can occur on the
same chain, the transition from one to another takes place by distortion of bonds ex-
tending to some 14 sites shown in Figs. 2.3(a) and 2.3(b). The distortion consists of
changes in electronic charge in the bonds and in the bond lengths. Conducting polymers
are quasi-one dimensional (quasi-1D) and deformation of the chain occurs relatively eas-
ily. The dot at the center shows an electron still bound to the chain but with a different
energy which lies close to midgap. The displacement of the C—H groups due to the dis-
tortion is shown in Fig. 2.3(c). The calculated values of the bond lengths in the dimerized
undistorted chain are: rc_c = 1.346 A and rc_c = 1.446 A, which give the difference
between the two bond lengths 1 = 0.10 A. Experimental values vary between 0.08 and
0.1A [7]. The electron along with the distortion of the chain constitutes the soliton in the
t-PA. Two configurations of the soliton, designated as S and S exist. They are shown in
Figs. 2.3(a) and 2.3(b). In the undoped polymer the soliton is neutral. However since it
has an electron, it has a spin 1/2 and obeys the Fermi—Dirac statistics. The soliton accepts
an electron and is negatively charged to form (S™) if the polymer is doped with donors.
In the p-type polymer, the soliton looses an electron and becomes positively charged. The
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FIG. 2.3. (a) and (b): Structure of the soliton S and antisoliton S (the filled circles represent the electrons still
bound to the polymer chain), (c) normalized displacement in the C—H positions due to formation of the soliton,
and (d) energy levels of the neutral and the charged solitons (the arrows show the electrons with spins up or
spins down). The figure is adapted from different figures given in Ref. [14].
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electronic structure of the energy levels of the neutral and charged solitons are shown in
Fig. 2.3(d). The charged solitons drift under the action of applied field and give rise to
an electric current. The charged solitons which conduct electricity are spinless, a behav-
ior strikingly different from the charge carriers in other semiconductors. They obey the
Bose-Einstein statistics. Addition of an electron to the polymer which is nondegenerate
in the ground state does not create a soliton, it rather creates a polaron discussed in the
next subsection. Solitons can be formed only in those polymers which are degenerate in
the ground state. The ¢-PA is one of the few such polymers.

The energy Eg needed to create a soliton consists of the electronic energy and the
lattice distortion energy. In the continuum model the energy is given by

Es = 2A¢/7. 2.7)

Assuming the chain length to be much larger than the displacements, the kinetic energy
of the soliton comes out to be

2
KE = (4M—”°>v2 (2.8)
6ag

where M is the mass of the CH group and 2¢ is the length of the polymer chain. The
apparent mass of the soliton is given by

m? = 4Mud/3ac. (2.9)

The superscript © indicates that the mass is in the low velocity limit. The value of m(s)
comes out to be ~5m. where m. is the mass of the free electron.

2.3.2. THE POLARONS

When an electron is added (by doping with donors or by photoexcitation) to the NDGS
semiconductor polymer, it does not go into the conduction band as is the case in a con-
ventional semiconductor. It deforms the polymer chain as shown in Fig. 2.4. The actual
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FIG. 2.4. (a) Structure of the negatively charged polaron, (b) normalized displacement of the CH groups in

the polaron, and (c) electronic structure of the negatively and positively charged polarons (the arrows show the
electrons with spins up or spins down). The figure is constructed using different figures given in Ref. [14].
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deformation occurs over some 20 sites. In the figure the deformation is shown to occur
over fewer sites for convenience. The displacement of the C—H groups due to this distor-
tion is shown in Fig. 2.4(b). The electron and the deformed chain constitute the polaron.
The deformation creates the energy levels in the gap shown in Fig. 2.4(c). The electron
falls in the level close to the conduction band edge. The electron along with the deformed
configuration of the chain is the negatively charged polaron P~. An analogous configura-
tion exists for a positive polaron in a polymer doped with p-type impurities. The positive
polaron is also shown in Fig. 2.4. The electron (or the hole if the polaron is positive)
along with the deformation diffuses, and under the action of an applied field, it drifts
causing a current to flow. Thus the charge carriers in the NDGS polymers are polarons
(or bipolarons discussed below). If an electron and a hole are created simultaneously,
both negative and positive polarons can be formed in the same polymer. When these two
polarons meet they recombine and are annihilated.

If two polarons of like sign are formed close to each other, a bipolaron is formed. Two
energy levels are created by a bipolaron in the bandgap. They are both occupied either
by two electrons (for a negative bipolaron) or by two holes, i.e. they are empty (in the
case of a positive bipolaron). The bipolaron has no spin. The bipolaron may not be stable
because of the repulsion of the two polarons which constitute the bipolaron. However the
dopant ions in the neighborhood stabilize the bipolaron.

Feldblum et al. [18] and others (see references given in the review [8]) have studied
the optical absorption in the ¢#-PA, undoped and doped electrochemically with different
concentrations of the ClO, ions. Curve 1 in Fig. 2.2(e) shows the absorption for the
undoped polymer. The position of the absorption edge indicates that the polymer is a
semiconductor with a bandgap of about 1.4 eV. On doping the polymer an additional peak
approximately at midgap (at 0.7-0.8 eV) is observed. The height of this peak increases
with doping concentration. This peak is attributed to the midgap level created by the
soliton. The position of the peak is independent of the nature of the dopant, i.e. it is
observed for a variety of donors and acceptors. This confirms that the peak is not due to
the absorption directly associated with the dopant but it is due to the soliton energy levels.

Careful experiments have not revealed any significant midgap absorption in the un-
doped polymer. It has been suggested that in the undoped polymer the energy levels due
to solitons are close to the band edges. The simple theory which predicts midgap levels
in the undoped polymer does not take into account the electron—electron interactions and
is very approximate.

Extensive work has been done on the photogeneration of defects near the midgap in the
t-PA. A good review of this work is given in Ref. [8]. We give a summary of the important
results here. Transient spectroscopy shows that absorption due to photogenerated gap
state gives two peaks, one at 1.4 eV due to band-to-band transitions and another at 0.5 eV
due to midgap states. The band-to-band transition is observed in the undoped #-PA also
and the midgap states arise only on irradiation or on doping. The midgap state absorption
decays to half of its value in a few milliseconds whereas the band-to-band absorption
decays more rapidly, in about 100 ps. Photoemission from the midgap states has also
been observed. The midgap states are produced in less than 1073 s and the midgap
excitations are highly mobile. Typical results of photoinduced changes in transmission
are shown in Fig. 2.5.
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FIG. 2.5. Photoinduced changes in optical transmission in the 7-PA. The IR vibrational bands are at 1370,
1260, and 500 cm™! [8,20,21].

The 0.5 eV midgap state absorption band is quite prominent but is rather broad. The
difference in the midgap energy is 0.7 eV and the absorption peak at 0.5 eV is due to the
effect of the electron—electron interaction on the transitions [8]. Since the initial state
involves two electrons in the midgap level and the final state involves only one, the
Coulomb interaction lowers the energy of transition. The 0.5 eV band is quite similar
to the midgap absorption in the doped ¢-PA shown in Fig. 2.2. This demonstrates that
this band is associated with the same center in both the photoirradiated and the doped
polymers.

Three IR bands at 1370, 1260, and 500 cm™! are also seen in Fig. 2.5. These ener-
gies are in the gap between the Raman mode of pure 7-PA and are predicted by the-
ory for the photoinduced solitons. The band near 500 cm™~! is attributed to the pinned
soliton—antisoliton pair. The IR vibrational bands are also observed at ~900, 1270, and
1370 cm™! in the doped crystals. The band at 1270 cm™! is rather weak. One possible
explanation of the existence of the IR bands is that the coupling of the m electrons with
the C-atom vibration along the chain increases the dipole-moment of the C vibrations
making them infra-red active. The soliton vibrations in the Coulomb field of the impurity
can also give rise to the infra-red active modes [14]. A more detailed discussion of these
bands is given in [6].

The photoinduced 0.5 eV band is strongest at low temperatures and starts decreasing
in strength at 150 K. It becomes unobservable at 250 K. Photoconductivity is maximum
at room temperature and becomes very weak below 200 K. This observation leads to the
conclusion that the charged solitons are free to move only above 150 K.

There has been considerable discussion on the mechanism of generation of soliton—
antisoliton pair by incident photons. Early theory indicated that the process is indirect
[8,6]. A measurement of the excitation profile for the pair photoproduction has been used
to determine the mechanism. A 7-PA sample was irradiated with photons of different en-
ergies and production of the soliton—antisoliton pairs was monitored by measuring the
transmission at 1370 cm™!. The change in transmission at this energy is a measure of
the number of the pairs. The results of the measurements are shown by the filled cir-
cles in Fig. 2.6. The band-to-band absorption coefficient is also plotted in the figure. The
threshold of the band-to-band absorption is at about 1.4 eV as expected. The important
observation is that the threshold for the photoproduction of the solitons is at about 1 eV,
considerably below the threshold for the band-to-band absorption. This energy agrees
with Eq. (2.7) if bandgap is taken to be 1.6 eV. The number of solitons increases exponen-
tially with the energy of the incident photons up to about the threshold of the band-to-band
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FIG. 2.6. (a) Photoinduced changes in transmission at 1370 em™! versus energy of the photons are shown by

the filled circles. The solid curve shows the optical absorption versus energy of the photons [21]. (b) The filled
circles show the same excitation profile as shown in (a). The photoconductivity rate of Ref. [22] is shown by
the solid curve. The figure is taken from Ref. [8].

absorption. At the threshold the production rate becomes slower, it again increases expo-
nentially but with a smaller slope. This shows that below the threshold for the absorption,
the soliton pairs are produced directly. Above this threshold the production is via the
electron—hole pairs.

2.4. Transport Properties
2.4.1. MOBILITY IN SELECTED POLYMERS

Mobility has been studied extensively in the pristine conducting polymers. Measure-
ments have been made using the time of flight method, by measuring electroluminescence
in a light emitting diode (LED), by studying the drain current in a thin film transistor in
which the polymer is used for the active channel (the method is designated as the Field
Effect or the FE method), by measuring the diffusion coefficient (using magnetic reso-
nance methods) and converting it to the mobility using Einstein’s relation, by measuring
space charge limited currents and by measuring transient photoconductivity. The trans-
port of the charge carriers takes place by intra-chain hopping, by inter-chain hopping and
also by drift. At very high dopings, insulator to metallic transition takes place. Several
sophisticated theoretical models have been advanced to interpret the observed values of
the mobility. In particular Mott’s theory of variable range hopping, mobility edge, and
insulator-to-metal transition have been used. The interpretation of the results becomes
complicated because generally the polymer contains mixture of metallic and insulating
regions. The degrees of disorder, trapping and detrapping also play a significant role in
determining the mobility. The experimental values of the mobility are highly sensitive
to the method of preparation of the polymer and to the heat treatment. We give here ex-
perimental results obtained by the time of flight method, by the FE method and by the
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TABLE 2.3
TIME OF FLIGHT HOLE MOBILITIES IN THREE CONDUCTING POLYMERS [17]

Material Mobility p (cm?v—1 s_l) Measurement field E,
E-dependence (Vcm™ )

PPV 10~4-1073 Independent of E

285 < T < 385K 10 < E<2x10°

PPV 1074 < u <1073 10*

PPV 3x1073 1.5 x 103

PPV ~5x 1070 < <5x%x 1073 45 x 10*

PPV 1077 < u<3x107° Inpoc EV2,10° < E < 10°

PPV ~1070 2 x 10%

PPPV 103 <pu<107? Inp o E7085
3x10* <E <3 x10°

a-6T 5x107° 3x10° < E <8x 10°

diffusion method. Some comments on the magnitude of the observed mobility and on the
field and temperature dependence of the mobility will be made. A discussion of the theo-
retical models and their comparison with the experimental results will not be attempted.

In the time of flight method, light is absorbed at one surface of the polymer having
a transparent contact. The light with a large absorption coefficient is chosen so that it
is absorbed over a small thickness. The time taken by the pulse of carriers so generated
to travel to the other end is measured and the mobility is determined. Unfortunately the
method does not yield reliable values of the mobility when trapping and detrapping of the
carriers take place. If a voltage is applied to a LED, the luminescence occurs after elapse
of a short but finite time. This time is needed for the carrier to travel to the opposite
carrier and recombine. The measurement of this time also yields a value of the mobility.
The values of mobility © obtained by the conventional time of flight method are shown
in Table 2.3. The measurements on oligomer sexithiophene («¢-6T) and poly(p-phenylene
vinylene) (PPV) were made by the luminescence method. The several values of PPV
given in the table are taken from different authors. The values do not agree with each
other. The PPV samples were made by heating a non-conducting polymer and converting
it to the conducting polymer. The heat treatment has a large effect on the disorder and the
conjugation length and therefore on the mobility. The conjugation length increases with
heating and approaches a limiting value of about 7 monomers. It is not clear whether the
mobility is only due to hopping. In some cases the chains were long and the mobility
might have had a drift component also.

It is seen from Table 2.3 that except for the results given in the first row, the transit
time is dispersive, i.e. the mobility depends on the applied field. In some cases the field
dependence could be expressed as i = exp(BE!/?/kT) and temperature dependence
as u = exp(—E/kT), E being in the range from 0.1 to 0.15 eV. For a-6T the value
5 x 1076 cm? V=1 s~ of the mobility determined by the time of flight method is a few
orders of magnitude smaller than the value determined by the FE method shown later in
Table 2.4.

Most measurements by the FE method have been made in the hole accumulation layer
formed in the channel on application of a voltage between the gate and the source. Drain
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TABLE 2.4
FIELD EFFECT HOLE MOBILITIES IN SEVERAL CONDUCTING POLYMERS [17]

Material ILFE (cm2 vl s_l)
Sexithiophene 43 x 1071
Sexithiophene 2x 1073
Sexithiophene 3x 1072
Dihexylsexithiophene 7% 1072
Dimethylsexithiophene 2x 1072
Quaterthiophene 2 x 1077
Quinquethiophene 1073
Octithiophene 2x 1074
Diethylquaterthiophene 9 x 107
Diethylquinquethiophene 9x 10~
Polythiophene 1073
Polythiophene 2x 1074
Poly(3-hexylthiophene) 1074-107
Poly(3-hexylthiophene)-based 7 x 1077
Langmuir-Blodgett film
Quinquethiophene-based 1x1073
Langmuir-Blodgett film
Polythienylene vinylene 22 x 1071
trans-polyacetylene <1079-65 x 1074
depending on carrier
concentration

current Iy is measured and using the known values of the dimensions of the channel, the
mobility is determined. The mobilities determined in this manner are shown in Table 2.4.
Table 2.4 shows that sexithiophene and its dihexyl derivative have the highest mobility.
X-ray measurements of these polymers show that they are highly ordered. The mobil-
ity also increases in going from quaterthiophene to quinquethiophene to sexithiophene.
Presumably this is due to the increase in the conjugation length in going from quater-
to sexithiophene through quinquethiophene. However the mobility in octithiophene is
smaller than sexithiophene, probably due to defects present in this polymer.

A comparison of the mobility values given in Figs. 2.3 and 2.4 shows that the mobility
for @-6T determined in the thin film by the FE method is much larger than the mobility
in the bulk determined by the time of flight method. The trapping is more important in
the time of flight method than in the FE method. In the FE method there is a steady
state ‘large’ concentration of holes. In the absence of holes, the traps (with energy levels
below the Fermi level) contain electrons and are efficient trapping centers for the holes.
If the hole concentration is large, as is the case in the FE method, all the traps become
empty and cannot trap the holes. In the FE method the results should also depend on
the properties of the interface between the polymer and the insulator. Mobility in «-6T
measured by the FE method increases on annealing at high temperatures. The crystallite
size in the unannealed samples is about 100 nm. On annealing it increases to about 5 um.
The increase in the crystallite size increases the mobility.

Measurements of diffusion of neutral solitons have been made using the electron spin
resonance (ESR) and the nuclear magnetic resonance (NMR). An unambiguous interpre-
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tation of the experiments is not easy. The difficulty arises because a fraction of the solitons
is trapped. This fraction varies with temperature and its effect of the magnetic resonance
experiments can be determined only if the experiments are performed with great care.
The results of such careful experiments [23] are shown in Fig. 2.7. The diffusion coeffi-
cient decreases slowly with temperature from 300 to 200 K. As the temperature decreases
further, the diffusion coefficient decreases fairly rapidly. The actual values of the diffu-
sion coefficient are rather low. Any defect on the chain creates a barrier of height Vj to
the diffusion. Efforts have been made to fit the diffusion data to the theory by treating Vj
as an adjustable parameter. The calculated curve for Vy = 0.01 eV [25] is also shown in
Fig.2.7.

The mobility calculated using the measured value of D) and the Einstein relation [25]

Dy = ) kT/el, (2.10)
is plotted in Fig. 2.8. The mobility obtained by this method is essentially the drift mobility.

2.4.2. CONDUCTIVITY AND SUSCEPTIBILITY

Fig. 2.9 shows that in highly oriented and heavily doped #-PA conductivity values
in excess of 10° 27! cm™! can be obtained. The samples were prepared with care and
stretched by a factor 5 so that they were highly oriented. The high conductivity suggests
that they are metallic. The metallic nature was confirmed by the 100% reflectivity ob-
served with similar samples. The conductivity is highly anisotropic. With a draw ratio
of 15, the ratio o) /o reached value 250. Absorption of light polarized perpendicular to
the chains is also small. These observations suggest that the polymers are semiconductors

51 ° ]
10 V-(CH By)x st ®
104 [— 'Y} - N
103 [~ e o o ]

2 | o o
10 2 S-(CH I3y)x

10" - 7
10°-° .
10-1, .
10-2_8 |
107} .
104} 8
10°F l
10} .

0 1 2 3 4 5 6 7 8 mol%
Dopant Concentration

Conductivity (chm-1 cm-1)

FIG. 2.9. Conductivity versus dopant concentration for two iodine doped z-PA samples. (S): a sample fabri-
cated by the Shirakawa method and (v): samples fabricated by the Tsukamoto method [27].
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in the perpendicular direction. If that is true, the ratio o) /oL should reach a value equal
to unity at low doping concentrations. It is also seen that there is a step in the conductiv-
ity plots at about 6% impurity concentration. It has been suggested that the structure of
the impurity distribution or of the polymer changes at this impurity concentration. How-
ever in conventional semiconductors the transition from insulator to metal occurs quite
abruptly at a certain impurity concentration. Such abrupt transition can not be ruled out
in the polymers.

The measured conductivity versus temperature plots for the iodine doped and FeCl3
doped ¢-PA are shown in Fig. 2.10. The figure shows that the conductivity at low dopant
concentrations is thermally activated. As the dopant concentration increases, the con-
ductivity becomes more and more metallic. Susceptibility measurements show that the
conductivity is by the transport of carriers which have no spins. It has been suggested
that the charge carriers are the charged solitons which have no spins. The suggestion is
however weak because no convincing explanation is given as to how the soliton over-
comes the strong pinning with the donor or the acceptor ions.

The results of photoconductive gain and excitation profile are remarkable. They show
complete agreement of the spectral dependencies of photoproduction of solitons and pho-
toconductive gain. They provide further support that the photoproduction of solitons
occurs at energy lower than the threshold for the band-to-band absorption. They also
show that the charge carriers are the soliton in the 7-PA.

We now discuss the experimental evidence that the charged solitons have zero spins.
Let N be the number of spins and N¢j, be the number of the charge carriers. If the charge
carriers are Fermions, the ratio

N,
R=_—_%

_ 2.11)
Nch
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is equal to unity. If R = 0 for the solitons, the spin—charge relation is reversed. Extensive
ESR measurements show that in the polymer containing large density of photoinduced
solitons, the ratio R is <1072. Calculations also show that the soliton are directly pro-
duced as charged entities.

Further evidence that the charged solitons have zero spin comes from the magnetic
studies of the doped #-PA. The transition from semiconductor to metal occurs in the poly-
mer when doping exceeds some 5%. Magnetic susceptibility of the polymer remains low
throughout the transitional regime from 1 to 5% doping. Midgap transition and the IR
modes are observed in this range. This leads to the interpretation that the conduction
in this regime is by the unpinned charged solitons. Some experiments showed that the
susceptibility increased throughout the regime. To interpret these experiments, it was pos-
tulated that the metallic islands were formed continuously beginning at the lower dopant
concentration. Final transition occurs at 5% dopant concentration when the islands meet.
A percolation model was fitted with the observation successfully.

Later experiments were made on thin films (~0.2 um) of the polymers with more
uniform concentration of the dopant [8, p. 747]. The simpler nonreactive Na* sodium
ions were used as dopants. The measured susceptibility y, and the conductivity opc are
shown in Fig. 2.11. The data shown in this figure cannot be fitted with Mott’s variable
range hopping model, the model gives too small conductivity. The conductivity data in
the transitional regime was interpreted as being due to a high density of charged spinless
solitons.

We have discussed the physics and technology of polyacetylene in detail in this chapter.
A good understanding of the physics of polymers became possible as a result of the work
done on polyacetylene.



CHAPTER 3
OPTICAL AND TRANSPORT PROPERTIES

3.1. Effect of Electric Field on Photoluminescence (PL)

Time resolved PL experiments on PPV show that the optical generation of electron—
hole pairs is a secondary process. In the primary process excitons are generated by the in-
cident light, the excitons then dissociate into separated electron—hole pairs. Experiments
performed in the late 1980s showed that PL in both organic and inorganic semiconductors
decreases when an electric field is applied to the semiconductor. In the recent publication
[167], Kersting et al. have examined the causes of this reduction. The reduction could
occur if the electric field reduces the oscillator strength for emission, e.g. by promoting
non-radiative radiation. Alternatively the field may dissociate the excitons into electrons
and holes thus reducing the probability of radiative recombination. Kersting et al. [167]
have studied the temporal evolution of PL with and without the application of the electric
field. The experiments were performed on the 1000 nm thick film of (80% poly(para-
pyridiyl vinylene)(PPPV) 4 20% polycarbonate) polymer blend sandwiched between an
ITO/glass and Al electrodes. The main peak of the PL was at 2.51 eV (494 nm) with
a vibronic side band at lower energy. The main peak was attributed to S; — Sp (0-0)
transition. On application of 20 V bias the PL intensity decreased by about 20%. Similar
results were obtained with a 1 um thick PPPV film. The results with forward and reverse
bias were practically identical. Time resolved PL studies showed that the evolution of
PL was ultra fast, the observed time was limited to 300 fs by the time resolution of the
setup. Time resolved studies were also made with the application of the electric field on
the sample. The electric field had no effect on the rise of PL during the time (100 fs) the
incident light is on. The electric field suppresses the PL considerably when the PL starts
decaying. In the PL intensity (/}) versus time ¢ plots (Fig. 3 of Ref. [167]) peak value
of I} close to t = 0 was reduced to about 60% on the application of the electric field.
After 100 ps, the quenching reduces the PL to less than 15%. The quenching of the PL
is not instantaneous but evolves on a picosecond time scale. The decrease of I} can be
represented by the following equation,

hE)-Nh(E=0)
h(E =0) B

where n has a value larger than 1.
These results show that the main cause of the reduction of PL is the dissociation of the
excitons by the electric field and not due to any reduction in the oscillator strength.
Polyacetylene is the most extensively studied polymer and is well understood. However
it is not very stable. Most recent work is concentrated on the polymers which consist of
chain of rings. Typical polymers which have received considerable attention are shown in

E" 3.1)
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FIG. 3.1. (a) Molecular structure of Buckminsterfullerene Cg(. The structure on the backside is also visible.
The figure is taken from Ref. [1, p. 110]. (b) A view of Buckminsterfullerene Cg( in one of the two standard
forms. In each of these two forms the two fold axes are aligned with cubic (100) axes. The thick lines show the
double bonds, see Ref. [1, p. 154].

Fig. 3.2. It is true that degeneracy of the ground state gives the 7-PA unusual and interest-
ing properties. The polymers shown in Fig. 3.2 and most other conducting polymers have
nondegenerate ground state. However coupling of the excitations with the distortions of
the polymer chain is not unique to polyacetylene. It is the general property of the conduct-
ing polymers. There are many conjugated polymers which have two ground states which
differ in energy not by large amount. Three such polymers with two ground states are
shown in Fig. 3.3. The two benzoid and quinoid forms of para-phenylene have an energy
difference of Ag ~ 0.35 eV per phenyl monomer. The formation of soliton—antisoliton
pairs with two neutral domain walls is shown schematically in poly(para-phenylene) in
Fig. 3.4. The formation energy of the pair is given by,

Ewt = 2Es + nAEy (3.2)

where n is the number of phenyl rings separating the two domain walls. Eyy increases
due to the two ground states being non-degenerate, i.e. AEy # 0. However theoret-
ical work shows that in the presence of strong donors or acceptors charged confined
soliton—antisoliton pairs may occur [8]. The magnetic susceptibility measurements in
poly(para-phenylene) and polypyrrole show that the susceptibility is very small even
when the polymers are doped in the highly conducting regime. The IR and photoemis-
sion measurements also show that midgap states are formed on doping these polymers.
The spectroscopic measurements of polythiophene show two doping induced gap states
situated symmetrically about the midgap. Because the soliton—antisoliton pairs in the
c-PA must be confined, they combine quickly. This explains why photoconductivity is
observed in the #-PA but not in the c-PA. However strong band edge absorption is ob-
served in the c-PA.

Absorption and PL spectra of the thin layers of Ooct-OPV5 are shown in Fig. 3.5.
The absorption peak has a much larger width than the PL peak. If the height of the long
wavelength shoulder in the absorption spectrum is higher than the peak, the absorption
and the PL will have mirror symmetry. The relative heights of these peaks can vary with
experimental conditions. These results show that the behavior of the molecular solids is
similar to the long chain conjugated conducting polymers. The general characteristics of
both classes of materials are low mobility, wide absorption band and mirror symmetry
between the absorption and the PL peaks. The band gap of Ooct-OPV5 determined from
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FIG. 3.2. Structure of several ring polymers with non-degenerate ground state.
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FIG. 3.5. Optical absorption and photoluminescence (PL) of a thin layer of Ooct-OPVS5 [30].
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COMPARISON OF 300 K MATERIAL PROPERTIES OF SI, GAAS, 4HSI1C AND GAN (THE DATA HAVE

BEEN TAKEN FROM REF. [31] EXCEPT THOSE INDICATED IN THE TABLE FOOTNOTES)

Property Si GaAs 4H SiC GaN
Breakdown field (10° V/cm) 2 30 30
Electron mobility (cm?/V s) 1400 50002 800 900"
Electron mobility (cm?/V's) - 8000° - 17004
Maximum velocity a0’ cm/s) 1 2 3
Thermal conductivity (W/cmK) 4.9 1.3
Bandgap (eV) 2.45 34

Band gaps of conducting polymers cover the whole range from 1.4 to 3.4 eV

Mobilities in conducting polymers are extremely small and increase with applied electric field

4 Ref. [32].
by =100 cm=3.
¢ For an AlGaAs/GaAs heterostructure [32].

d For an

AlGaN/GaN heterostructure [33].

TABLE 3.2

VALUES OF THE SMALLEST BANDGAP Eg OF THE CONDUCTING POLYMERS

Polymer Eg (eV) Ref.
trans-polyacetylene (¢-PA) 1.4 [14]
cis-polyacetylene (c-PA) 2.0 [14]
Polypyrrole (PPy) 3.2 [14]
Polythiophene (PT) 1.6 [14]
Poly(para-phenylene) (PPP) 34 [14]
Poly(para-phenylene vinylene) (PPV) 3.0 [14]
Poly(para-phenylene vinylene) (PPV) 2.45 [34]
Polyaniline (PANI) leucoemeraldine form 3.0 [14]
MEH-PPV 2.1 [34]
BCH-PPV 2.2 [34]
O-PPV 2.13 [34]
PAT-6 2.2 [35]
PDPATPSi 2.7 [35]
OO-PPV 2.3 [35]
CN-PPV 2.3 [35]
OEP 1.8 [35]
Ceo 1.8 [35]

the absorption edge is 2.4 eV. We have compiled parameters for materials used in blue
and green light emitters in Table 3.1.
The minimum bandgaps derived from the optical measurements are given in Table 3.2.

3.2. The Dielectric Constant

Recent interest has been in the conductivity of more stable ring polymers (there
are ordered and disordered regions, see Fig. 3.6). The microwave frequency measure-
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Ordered Regions

FIG. 3.6. Schematic diagram of the ordered and disordered regions. The ordered regions are 3—10 nm across.
The width of the disordered region is shown by S [12].

ments of most heavily doped z-polyacetylene, PFg doped polypyrrole (PPY-PF¢), and
d,I-camphorsulphonic acid doped polyaniline (PAN-CSA) give large negative values of
the dielectric constant [12].

For PPY-PFg and PAN-CSA the microwave dielectric constant remains negative in the
far IR even at 10~3 K, which shows that there are free carriers even at these low tem-
peratures. These values of the dielectric constants give small values of plasma frequency
which shows that only a small fraction of conduction electrons participate in plasma re-
sponse. Scattering times come out to be 2 orders of magnitude larger than the values for
alkali and noble metals. It is predicted that if technology improves, the conductivity of
the doped polymers may become larger than that of metals.

3.3. Space Charge Limited Currents

3.3.1. EARLY WORK OF MOTT. POISSON AND CONTINUITY EQUATIONS IN
A TRAP-FREE INSULATOR

In insulators practically there are no free electrons or holes and conductivity as given
by Ohm’s law is negligible. Mott [36] wanted to find out whether a current would flow
in an insulator when a voltage is applied across it. His simple treatment given below
shows that indeed a current will flow. However the injected carrier concentration decays
rapidly in moving away from the injecting electrode. The injected carrier profile creates a
strong electric field. The current that flows is determined by this space charge field and is
known as the Space Charge Limited Current (SCLC). Almost all of the physics of modern
organic devices is based on the SCLC first interpreted in trap-free solids by Mott in 1940
[36].

The band diagram of the metal—insulator contact is shown in Fig. 3.7(a) in thermal
equilibrium and in Fig. 3.7(b) under an applied bias. The charge carrier density Ny at the
boundary (i.e. at the contact) in the insulator is given by [36],

No ~ 10" exp[—(¢ — x)/kT]. (3.3)
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FIG. 3.7. (a) Metal-insulator contact in thermal equilibrium; (b) The contact under externally applied field,
(c) electric field profile F(x) and hole density p(x) under an applied bias of 10 V; (d) J-V plot as given by
Eq. (3.12). The thickness of the sample is 100 nm and a value of € is 3; and (e) The effect of background doping
concentrations (1014, 1015 and 10'® cm™3) on the current. The doping dominated regions at low voltages are
ohmic shown by the straight lines.

Here ¢ is the work function of the metal and y is the electron affinity of the insulator.
Table 3.3 shows that Ny is very sensitive to the values of ¢ — x. In the organic polymer
devices the injecting contact is made as nearly ohmic as possible and ¢ — x is small. In
computation of the /-V relations ¢ — x is assumed to be zero. In this case the value of
Ny is very large and can be taken as infinity [37,38].

The current in the trap-free insulators is obtained by solving the following Poisson and
continuity equations,

dF
d(x) =L pw), (3.4)
X €€p
J = qup(x)F(x). (3.5)

Here ¢ is the electronic charge, € is the dielectric constant of semiconductor, and € is the
permittivity of free space. The carrier density of holes! is denoted by p and the electric
field by F. Mott showed that the diffusion component of the current is negligible and

TABLE 3.3
CALCULATED VALUES OF Ny FOR THREE VALUES OF ¢ — x

¢ — x V) 0.1 0.5 1.0
Np (em™3) 1017 1010 102

1 We are considering a conducting polymer in which the current is dominated by the flow of holes and
concentration of electrons is negligible. The treatment can be easily extended to the electron only samples.



30 Conducting Organic Materials and Devices

need not be included in the continuity equation (3.5). The boundary condition is,

d
1% =/F(x)dx. (3.6)
0

Here V is the applied voltage and d is the thickness of the sample. In this case the ana-
Iytical solution can be easily obtained [36]:

[ 2J
F(x) = o (x + x0), 3.7

where x is the constant of integration. The value of x( comes out to be,

Jeey

X0= ———. 3.8
0 2N (3.8)

The current—voltage relation is obtained by integrating the field F (x) over the thickness
d of the sample

2 [ 2J
V=-
3V ueeg

[ +x0)*? = x/*). (3.9)
The carrier profile p(x) is given by,

€eg | 2J 1
px)=— [————. (3.10)
2q \| neeo (x + x0)
For xop > d, i.e. when V and J are large and/or Ny is small, Eq. (3.9) reduces to Ohm’s
law,

_ quNoV
—

In practice this can happen in cases where ¢ — x >> kT . On the other hand for ¢ — ¥ <
kT, Eq. (3.9) reduces to the well-known V2 law,

J (3.11)

2
J = geeou%. 3.12)
In the literature Eq. (3.12) is referred as the trap-free V2-law, or Mott’s V2-law, or Child’s
law [37].

As mentioned earlier the condition ¢ — x < kT is generally assumed to hold
[37-39, and references given therein]. This condition is equivalent to assuming that Ny is
very large and can be taken to be infinity. With this condition the mathematics is greatly
simplified [37]. Now the electric field and carrier profiles are given by,

2J
X (3.13)

F(x) = ,
€€olL
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and

€eg | 2J 1
px) = 57 =.
q \ neep x

Calculated plots of Egs. (3.13), (3.14), and (3.12), are shown in Figs. 3.7(c) and 3.7(d)
respectively. The values of the parameters used in the calculations are d = 100 nm and
€ = 3. The applied voltage is 10 V in the calculations of field and carrier profiles. The
above treatment is applicable to one carrier sample, i.e. the current is dominated either by
the transport of electrons only or holes only.

(3.14)

3.3.2. EFFECT OF BACKGROUND DOPING

Let the background doping concentration be ng and let us assume that they are all
ionized at the temperature of measurement. The concentration of existing holes due to
background doping is also ng. However their charge is compensated due to the ionized
impurities. The total concentration of holes is p, the concentration of holes that contribute
to the electric field is p — ng. The Poisson equation (3.4) changes to,

dF(x) _ ¢

e a(p(x) —n). (3.15)

The coupled continuity equation (3.5) and Poisson equation (3.15) have been solved
[40,37]. The solution combined with the boundary condition (3.6) yield the following
relations,

w=u—Inu, (3.16)
and
[
v:—iu —u —In(1 — u). (3.17)

The symbols u, v and w are functions of x. Here we are interested in the terminal char-
acteristics and we give below expressions for these variables at x = d.

no  gqnoukF(d)

ug = = , (3.18)
p(d) J
3,3,,2
q nou Vv
=0 3.19
V4 0 )? (3.19)
and
2.2 d
wy = 4 oke (3.20)
e€egd

By replacing d with x in Egs. (3.18), (3.19) and (3.20), the carrier density and field can
be calculated as a function of x (see details and Fig. 1 of Ref. [40]). If we can eliminate u
between Eqgs. (3.16) and (3.17), a relation between current and voltage can be obtained.
However it is not possible to do so. The J—V plots can be made by choosing several
values of u and calculating vy and wy for each value. The plots made in this manner are
shown in Fig. 3.7(e) for three background doping concentrations. The sample thickness
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is 130 nm and the values of other parameters are slightly different from those used in
Figs. 3.7(c) and 3.7(d) [40]. At lower voltages, each curve is a (solid) straight line and
agrees with the Ohm’s law plot. As the voltage increases, the plots (closely spaced dot-
curves) bend upwards. In the curved portion both ohmic and space charge limited currents
contribute. As the voltage increases further the curves merge with the V2 law plot (shown
as a dashed line). Similar results are obtained with undoped narrow bandgap solids if
thermal carrier density is large [37]. If the solid contains traps (discussed later), ohmic
current is still obtained at lower voltages. At higher voltages appropriate SCLC law is
obtained instead of the V2 law.

The solid straight line corresponding to Ohm’s law and the dashed line for the V2 law
meet at voltage Vi given by,

8qn0d 2

tr —

3.21
9¢e ( )

The expression is useful for determining the background doping concentration ng by
measuring V;; experimentally. The expression for V;; is different for a solid that has traps.

3.4. Polymers: The Solids with Traps
3.4.1. PO1SSON EQUATION WITH TRAPPED CHARGES

Both amorphous inorganic semiconductors and conducting organic materials have a
large density of electron and hole traps. If the trap depth is large or temperature is low
(i.e. if the trap levels are below the Fermi level), most of the injected carriers are trapped.
A given applied voltage can support only a fixed quantity of total charge in the sample.
Therefore the injected free carrier density is considerably reduced in the presence of traps.
Both the trapped and the free charge carriers determine the space charge. The Poisson
equation (3.4) changes to,

dF(x) ¢
dx €€

(P + p(x)), (3.22)

where py is the trapped hole density. The transport equation (3.5) remains unchanged.
Egs. (3.5) and (3.22) are now solved to obtain the charge and field profiles and J-V re-
lation for the conducting organic sample. We need to know the trap depth E; to solve
these equations. We will assume that the traps are uniformly distributed in space but may
have a non-uniform distribution in the energy space. Four different distributions in the
energy space have been considered in detail in the literature [37,38]: (1) all traps at a
single energy level, (2) a Gaussian distribution of traps in the energy space, (3) expo-
nentially distributed traps in the energy space and (4) uniformly distributed traps in the
energy space. We consider the first three cases below. Kao and Hwang [38] have derived
an expression for J(V) in a polymer with uniformly distributed traps.

3.4.2. SINGLE LEVEL TRAPS

For single energy level traps the distribution can be written as,

h(E) = Hy8(E — Ey), (3.23)
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where H, is the trap density and § is the Dirac delta function. We first consider the shal-
low traps lying between the Fermi level and the valence band edge (we are considering
conduction by holes). The concentration of holes in the traps is given by [38],

Ey
1
ﬁ=fH5w—E¢————t—dE (3.24)
E ' 1 +eXp(EZTE)
1

Energies E] and E, are the lower and upper limits of the trapping level. This equation
can be easily integrated [38,37] to give

Ha (3.25)
Pt = P .
I+26
where
Ny
0y = — exp(—E/kT), (3.26)
H,

and Ny is the effective density of states in the valence band. Using Eq. (3.25) for p; and
the boundary condition (3.6), the solution of the Poisson and transport equations gives
(381,

9 V2
J = geaeeouﬁ. (3.27)

It can be easily shown that

_ P
p+ p

If there are no traps, p; = 0, 6; becomes equal to unity and Eq. (3.27) reduces to
Eq. (3.12). Usually p; > p unless the applied voltage is very high. Under this condi-
tion 6, becomes the ratio of free to trapped carriers.

At very low voltage the injected effective carrier density may be lower than the back-
ground thermal carrier density and the current is then ohmic. The voltage Vg at which
SCLC begins to dominate is given by,

(3.28)

a

_ 84qpod®

V - ’
@ 9 B,e€

(3.29)

where pg is the impurity induced carrier density.

If the traps are deep, an analytical expression for J cannot be obtained. However nu-
merical solutions can be obtained easily [38]. In this case most of the injected carriers
remain trapped and the current by injection remains small until all the traps are filled.
As the traps are nearly filled the SCLC begins to flow. It increases rapidly and as the
trap-filled limit is reached, it follows the trap-free V2 law. In this case trap-filled limit
voltage VL and Vg, are equal. Recent work [41] on the approach to trap-filled limit will
be discussed later.
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3.4.3. GAUSSIANLY DISTRIBUTED TRAPS

In this case the distribution of traps in the energy space is given by,

_(E- Etm)z}

d
h(E) =
(E) 2n)120, eXp[ 20

(3.30)

where (277)'/? is the normalizing factor, Eyy is the trapping energy at the maximum trap
density and oy is the standard deviation of the Gaussian distribution.

3.4.3.1. Shallow Gaussian Traps

In this case Eyy < EFp and the ratio 6y of free to trapped holes comes out to be [38],

N. Em 1 2
go = PX) _ Ny ol Em 10N (3.31)
pe(x) Hy kT 2\kT
Using this relation, the Poisson and transport equations can be easily solved [38]. The
expression for J (V) is obtained by using the boundary condition (3.6),

9 V2
J = gueeoedg. (3.32)
Eq. (3.32) is similar to Eq. (3.27). The values of 8, and 6, are different but they are both
constants independent of injection level. The voltage at which ohmic conduction changes
to SCLC conduction is given by,

_ 8¢gpod?
"9 Geep

Va (3.33)

3.4.3.2. Deep Gaussian Traps

The trap depth for the deep traps is larger than the Fermi energy, i.e. Eym > EF,. Using
some approximations and assuming that p; > p, the following expression for the electric
field can be derived [37,38],

d[F (x)]0m+D/m m+1\qHy( T \'"
= — , (3.34)
dx m € \gupNy
where
1
Hj= EHd exp(Eum/mkT), (3.35)
and m is given by
2nol \'/?
=1+ =L . 3.36
" ( + 16k2T2> (3.36)
Solution of this equation along with the boundary condition (3.6) gives the J—V relation,
Ny (2m +1\""! mymtl
J=t2 " = : (3.37)
g" T\ m+1 m+1Hy) d>m+!
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The expression for Vg, for deep Gaussian traps is,

B quHém+1<m+1 >(m+1)/m(p0>1/m

V. 7
@ €€ m 2m + 1

N, (3.38)

3.5. Exponential Traps
3.5.1. CALCULATION OF J(V)
Extensive work has been done on the exponentially distributed traps. We have devoted

one separate section to discuss this work.
The concentration of the traps distributed exponentially in energy is given by,

H, —E
h(E) = T, exp(kT ) (3.39)

H, is the density of traps and 7 is the characteristic distribution constant. The concen-
tration of trapped holes is given by,

v Hy, —FE 1
P = — exp dE. (3.40)
kT, kT. ) 1+ eXp[(E}:p — E)/kT]

E Fp

Denoting 7.,/ T by [, the above equation gives,

A\
=aHy| — . 3.41
=« b(NV) ( )

The factor « = (;/1)/sin(;r/I) (taken as unity in the calculations) arises because we
have not used 0 K approximation (step function) for the Fermi occupancy function. Us-
ing this relation between free and trapped holes and assuming that the concentration of
trapped holes is much larger than that of free holes, the coupled Poisson and transport
equations can be solved. Using the boundary condition (3.6), the following analytical
expression for J (V) is obtained,

Ny (20 + 1\ 1 Lyl+l
P Y s €< . (3.42)
g1\ 1+1 I+1aH, ) d¥+!

Note that the solutions (3.37) and (3.42) are similar in form but the values of m and [ are
different.

3.6. Relaxation of the Approximation p¢ > p
3.6.1. J-V CURVES WHEN p; ¥ p
Recently Jain et al. [41] have examined the validity of the approximation p; > p

used in deriving Eq. (3.42). They calculated the hole profile in a polymer sample at two
different applied voltages. The profiles are shown in Fig. 3.8. Fig. 3.8 shows that near
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F1G. 3.8. Free hole density p and trapped hole density p; as a function of distance from the contact at two ap-
plied voltages. Parameters used in the calculations are: Ny = 1020 cm*3, Hp =6 x 10!6 cm*3, Tc = 4000 K,
w=3x10"5cm?V-1s7!, T =300K, e =2andd = 110 nm.

the injecting end p is always larger than p; because of the boundary condition that the
injected carrier density is infinity at the contact. However at the lower applied voltage, p;
soon becomes larger than p. Since p; > p holds over most of the thickness of the sample,
neglecting p in the Poisson equation becomes a valid approximation. The situation is
quite different at the higher voltage. The free hole concentration p increases more rapidly
than p; and dominates over most of the sample thickness. Now the approximation p; > p
breaks down. Without making the approximation p; > p the solution can be written in
the form,

d
dF
/dx =2 J 7 11" (3.43)
0 1 F(x=0) qHpF +aHb[qu1,FNv]

The method to solve this type of equation numerically is described in Section 3.12. Nu-
merical solutions of this equation show that at higher voltages the calculated J—V curves
do not agree with Eq. (3.42).

3.6.2. TRAP-FILLED LIMIT

Early work on trap-filled limit is reviewed in Refs. [37,38]. It is believed that at some
high voltage, designated as trap-filled voltage VgL, all the traps are filled and the current
is given by the trap-free V2 law. According to the existing literature [38], the Vrp is
determined by the voltage at the point at which the plots of Eq. (3.42) and of the V> law
intersect and is given by [38],

d2 9(Hb)l I+ 1 l I+1 I+1\ 1/(-1)
VirLiic = g——( 2 , 3.44
THL fit qeeo<8 N, ( I ><2l+1> > (3.44)

where additional subscript ‘lit" emphasizes that the expression is taken from the existing
literature. This approach to the trap-filling problem has a flaw. For the trap-free V2 law
to be valid, the electric field must be determined by the free injected charge carriers only.
Therefore the V2 law can be valid only if p > p. Also if p; 3% p, Eq. (3.42) does not
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F1G. 3.9. (a) Schematic plot of typical J—V characteristic of a conducting organic material. The dashed line is
the plot of the V2 law. The dash-dot line is the plot of Ohm’s law and straight line B is the SCLC. (b) Calculated
and experimental plots of J-V characteristics of a PPV sample. DE is the plot of the analytical solution of
Eq. (3.42). Curve DBC is obtained by numerical integration of Eq. (3.43). The figure is taken from Ref. [41].

remain valid up to the point of intersection. Therefore this procedure to determine VgL
is not correct [41, see this reference for more details].

Schematic and calculated values of J(V) curves are shown in Fig. 3.9. The lines
marked A are plots of the ohmic law due to background doping of the sample [41,40]. The
lines marked B show the SCLC 3.42 (3.42 is used to indicate that the calculations were
made using Eq. (3.42)). The transition region T1 is obtained by the superposition of the
region A and the SCLC region B. As the voltage increases the calculated current begins
to deviate from the region B at the point marked ‘a’. As the applied voltage approaches
large values, the current approaches the trap-free V2 law. There is a large transition region
T2 between the region B and the V2 law. The procedure to determine Vpp given in the
literature [38] is illustrated in Fig. 3.9(a). The straight line B, representing analytically
calculated SCLC, is extrapolated to intersect the plot of the V> law. The point of inter-
section, marked VTrL jit, is assumed to be the value of the Vg . Fig. 3.9(b) shows that the
analytical solution is not valid in the extrapolated region. At higher voltages beginning
at point ‘a’, the free carrier density becomes large over significant part of the sample and
now both the trapped and the free carriers determine the electric field. Numerical calcula-
tions show that the approximation p; 3> p used in deriving the equation for the region B
does not remain valid beyond this point. Therefore the point marked Vrtgr ji; has no phys-
ical significance. The free carrier density keeps increasing with voltage and ultimately as
V — oo, p > p: becomes valid and the influence of trapped carriers on the electric field
becomes negligible. Therefore the V? law is obtained asymptotically only when V ap-
proaches infinity. The transport in the transition region T2 is also SCLC but both free and
trapped carriers determine the electric field. The analytical solution (3.42) is incapable of
predicting the transition region T2 and the voltage Vrg at which the V2 law becomes
applicable. Theoretically Vrpp is infinitely large. For practical purposes we can define
VrEL as the voltage at which the difference between the calculated curve and the V2 law
is small and cannot be detected experimentally. ‘Q’ shows this point in Fig. 3.9(b).
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FI1G. 3.10. The solid line represents the voltages of deviation from the V2 law while the dashed line repre-
sents the voltages of deviation from Eq. (3.42). The other parameters used are: 7 = 295 K, 7. = 1000 K,
Ny =2 x 1019 cm_3,a =1l,u=1x 10-3 cmz/Vs, € = 3,and d = 100 nm.

Numerical calculations shown by the curve TIBT2C agree with recent experimen-
tal results [40] as shown in Fig. 3.9(b). The experimental data was taken on the
diodes based on the five-ring PPV-type oligomer 2-methoxy-5-(2’-ethylhexyloxy)-1,4-
bis((4’,4”-bisstyryl)styrylbenzene (abbreviated as MEH-OPV5). The MEH-OPVS films
were sublimed in UHV (10~° Torr) on a cooled ITO coated glass plate. The substrate was
pre-patterned and the source temperature was 210 °C. Substrate-cleaning steps were done
in a clean room. The top electrode was Al evaporated through a shadow mask. The active
device areas ranged between 0.02 and 0.64 cm?. The processing steps were performed
under nitrogen atmosphere. The measured J—V values of the ITO/MEH-OPVS5/Al diode
(active area = 0.32 cm?) are shown by the + symbols in Fig. 3.9(b). The experimen-
tal data, shown by the symbols, deviates from the plot of analytical solution (3.42) at
both low and high voltages. The low voltage deviation occurs due to the presence of
background impurities as discussed earlier [40]. The dash-double dot line shows the cal-
culated ohmic current. The data merge with the straight-line plot of Eq. (3.42) when the
space charge limited current dominates. The agreement of the experimental data with
the numerical solution (3.43) over the whole voltage range, including the region T2, is
excellent.

The dashed curve for a given set of parameters in Fig. 3.10 shows the calculated volt-
ages at which the current deviates from the conventional theory given by Eq. (3.42) and
approaches to V2 law (within 10% error) as a function of total trap density Hy.

3.7. Effect of Finite (Non-Zero) Schottky Barrier
3.7.1. IMPORTANCE OF FINITE BARRIERS
The theory of transport in insulators (including conducting organics) is about fifty years

old [36,37, and references given therein]. This theory assumes zero barriers for injection
from metal into the polymer, i.e. the contact is ohmic. The theory based on ohmic contacts
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has been used extensively in the literature for transport in organics [42,43,41]. For most
cathode/anode materials and organics, the Schottky barrier ¢ g is not zero. Since no theory
of bulk transport in organic conducting materials exists for this case the experimental
data is always compared with the theory for zero Schottky barriers. We have developed
a theory of bulk transport for finite (non-zero) Schottky barriers and have calculated for
the first time the charge carrier density distribution, the electric field distribution and the
J-V characteristics for these cases [44]. The results are strikingly different from those
obtained for zero barriers (i.e. ohmic contact).

Several authors have observed that log J versus log V plots are straight lines. This
result is consistent with the conventional power law (3.42). It is not clear how this result
is modified for non-zero Schottky barriers. The J—V characteristics in our theory depend
on the value of the constant of integration C. The Schottky barriers ¢p define P(0), and
C depends on P(0), where P (0) is the injected charge carrier density at the contact.

3.7.2. THEORY

Assuming exponential trap distribution, combining continuity and Poisson equations
and integrating the resultant equation, we obtain,

1

e
F(x) = <ﬂ ¢+ 1)(x + C)>l+l ( I )Hl, (3.45)
eeop 1 quNy

where C is the constant of integration. As mentioned before in earlier published work the
Schottky barrier was taken to be zero (i.e. C = 0) [38]. Kumar et al. [44] show that in
practical cases neglecting C can cause large errors. Taking @ = 1 and using the boundary
condition (3.6) we get

Ny 20+ 1\ 1 ! yi+l
g =ty (20 €0 — (3.46)
g1t \1+1 [+1 Hy [ 5 ]l+1

2[+1
@da+cC)y"r —Ccnrt
For a given J (or applied voltage V') C is independent of x and F(x). C is different for
different values of J. We now determine the constant C in terms of material parameters
and J. Since at the injecting contact x = 0, the field F'(0) can be determined in terms of
J from the continuity equation and P (x) = P(0), the value of C is given by

1+1
1 T ([ €e 1 1
N W 4
J[un(O)} <qu>(l+1>(q“N)l (3.47)

Above equation shows that for infinitely large P (0), C becomes zero. C decreases with
increase in Hy and / and increases with J (or applied voltage). The effect of temperature
comes through / = T,/ T. Numerical calculations show that as / increases, C decreases.
At low temperatures [ is larger and C becomes smaller. The effect of C becomes more
pronounced at higher temperatures. The value of P (0) is determined by the Schottky bar-
rier ¢p [36]. We assume that the injected charge density at the contact remains constant
at its thermal equilibrium value [45, see p. 258] when a current flows through the sample.
If p = 0, the injected hole density P(0) = 102 ~ 00 and C = 0, (3.46) reduces to
Eq. (3.42) (for « = 1) discussed earlier. As mentioned earlier as C increases to > 0, the
J—V characteristics deviate considerably from Eq. (3.42).
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In Eq. (3.46) two cases of interest arise. The first case is when C is smaller than d.
When C is so small that it can be neglected in comparison with d in Eq. (3.46), the J-V
characteristics are given by Eq. (3.42). If C cannot be neglected compared to d, the J-V
curves begin to deviate from the power law. The second case when C > d, is of practical
interest. Expanding the denominator in Eq. (3.46) by binomial expansion in this case we
obtain

4 I d\™

For C > d the second term in Eq. (3.48) can be neglected and we obtain

1%
7 =quP©). (3.49)

This result is important since it shows that for finite (non-zero) Schottky barrier, i.e.
P(0) < oo, and for large value of C, the current changes from the space charge lim-
ited current to the ohmic current. This result is similar to that given by Mott [36] for a
trap-free insulator. Just before the ohmic region there is a transition region between the
conventional power law and the ohmic region.

3.7.3. RESULTS AND DISCUSSION

We now calculate the J—V characteristics of an organic diode using the equations of
the previous section. The values of the constant of integration C as a function of P (0) for
different values of / are shown in Fig. 3.11(a) and for different values of J in Fig. 3.11(b).
The constant C decreases rapidly as the injected charge density increases for all values
of J and [. As ¢p tends to zero, P(0) tends to infinity and the constant C becomes zero.
We have already mentioned that now the J—V characteristics of an organic Schottky

1000 T T T 1 0000 = T T T

=1 AfermZ |
(@) /=508 (b) T1AC 2
\ ---1=135 1000
) J=0.1 Alcm
100 % 1 100 f
€
£ 10 f ™.
o s
10} 1
0.1
1 1 L L 0'01 1 1 1 1
0 2x10"7 4x10"7 6x10"7 8x10'7 1x10'® 0 2x10'® 4x10" 6x10"® 8x10"® 1x10"°
Injected Charge density P(0) (cm'a) Injected Charge density P(0) {cm‘3)

FIG. 3.11. (a) The effect of P(0) on the constant of integration C for different values of [ = 7./ T. The calcu-
lations have been made for / = 0.1 A /cmz. (b) The effect of P(0) on the constant of integration C for different
values of J. The calculations have been made for / = 5.08. As P(0) tends to infinity, C tends to zero and
Eq. (3.42) becomes valid. The values of the other parameters used in the calculations are: Hy, = 2 x 1017 cm*3,
Ny =2 x 1019 cm_3, € =3,¢9 =8.85 x 10~ 14 F/em, p =1 x 10~3 sz/V s,d = 100 nm, T, = 1500 K,
T =295Kand g = 1.6 x 10719 C [44].
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Fi1G. 3.12. The effect of current density on the constant of integration C at injected charge density
P©0) = 10'8 cm™3. Since voltage increases with J, C increases with applied voltage also. The values of
the other parameters are the same as given in Fig. 3.11 [44].

diode obeys the old conventional theory given by Eq. (3.42). Fig. 3.12 shows that for
a given P(0) the constant C increases with current density. The field distribution and
charge carrier distribution along the direction of current flow are important quantities.
Their calculated values are plotted in Figs. 3.13 and 3.14.

As P(0) decreases (or C increases) both the field and charge carrier densities tend
to become uniform. When the field and charge densities become uniform one would
expect the ohmic relationship between current and voltage. This is consistent with the
result derived earlier in Eq. (3.49). The effect of P(0) (or ¢p because P(0) varies as
exp(—¢p/kT)) is shown by the calculated J—V curves in Fig. 3.15. Curves A represent
the J—V characteristics and correspond to the conventional theory equation (3.42), while
curves B are the J—V curves corresponding to the new theory equation (3.46). The curves
B depend on the constant of integration C. We have already shown that C decreases as
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FIG. 3.13. Electric field as a function of distance x from the injecting contact for different values of P (0). The
values of the other parameters used in the calculation are the same as given in Fig. 3.11. For small value of
P(0), P(0) = 1016 ¢cm=3 (¢pp = 0.24 eV) the field becomes practically independent of x.
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FIG. 3.14. Carrier density as a function of distance x from the injecting contact for different values of P (0).
The values of the other parameters used in this calculation are the same as given in Fig. 3.11. Note that for
small value of P(0), P(0) = 1016 cm=3 (¢pp = 0.24 eV), the carrier density becomes practically independent
of x [44].

P(0) increases but C increases as J or V increases. It is therefore easy to understand the
behavior of curves in Fig. 3.15. For small C (large P (0) or/and small J) the curves using
present theory become practically identical with the conventional theory equation (3.42).
As C increases (i.e. for smaller P(0) or/and larger J) the current deviates from the plot
of Eq. (3.42). For sufficiently large value of C the curves B become straight lines which
correspond to Ohm’s law. The ohmic and transition region in curves B are well described
by the new theory.

The voltages at which the J—V curve deviates from the power law V/*! and at which it
approaches Ohm’s law are of general interest. Calculations have been made for a typical
case, a 10% difference is taken as the experimental tolerance. The results are shown
in Fig. 3.16. The voltages of deviation from the power law (dashed curve) and that of
approach to Ohm’s law (solid curve) are shown for different values of the injection barrier.
It is seen that these voltages are large for small value of the barrier and decrease rapidly
as the barrier increases.

3.7.4. COMPARISON WITH EXPERIMENT

Typical experimental data measured at 240 K is shown by symbols in Fig. 3.17. The
dash-dot curve is the plot of Ohm’s law at low voltages. The experimental data agrees with
Ohm’s law upto the point shown by B. This ohmic behavior of the J—V characteristics at
low voltages is due to existing background doping or thermally generated carriers. The
ohmic region is followed by transition to the space charge limited current (SCLC) and the
SCLC follows the V/*! law, characteristics of exponential trap distribution. The dotted
curve ADF is the plot of new theory equation (3.46). Dashed line ADC is the plot of old
theory given by Eq. (3.42). The two theories agree upto the point D and the experimental
data is in good agreement with both the theories between the points E and D. As voltage
increases beyond point D, constant C becomes large and the new theory deviates from the
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FI1G. 3.15. J-V characteristics of Schottky diodes with ¢ = 0 and for finite (non-zero) values of ¢p are
plotted. Curves A correspond to conventional equation (3.42) and curves B correspond to Eq. (3.46) for different
values of ¢p. For a non-zero Schottky barrier curves B deviate from curves A as applied voltages increases.
Curves B become straight lines at higher voltages where C is large. These straight lines correspond to Ohm’s
law as predicted by Eq. (3.49). The values of the parameters in these calculations are the same as given in

Fig. 3.11 [44].
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FIG. 3.16. The voltage at which the J—V curve deviates from the power law and that at which it approaches
Ohm’s law, within 10% [44].
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F1G. 3.17. J-V characteristics of the ITO/PEDOT:PSS/MEH-PPV/Au diode at 240 K. The thickness of the
active layer is 120 nm. The symbols represent the experimental data. The dash-dot line represents the ohmic
region due to thermally generated and background carriers. The dashed line represents the calculated values
using the conventional equation (3.42) with a zero Schottky barrier, while the dotted curve represents the cal-
culated values using Eq. (3.46) with a Schottky barrier = 0.1 eV. At lower voltages below the point D, the plot
of Egs. (3.46) and (3.42) are practically identical. The values of the parameters used in this representation are:
Ny =10 cm™3, T, =400 K, e = 3,¢p = 8.85x 1074 F/em, up = 7x 1075 cm?/V's, Ny = 2x 10! cm—3
and Hy = 4.5 x 1018 cm™3 [44].

old theory. The experimental data agrees with the new theory. As the voltage increases
further the value of [ + 1 (in J ~ V!*1) decreases and at sufficiently high voltages it
tends to become 1 corresponding to Ohm’s law. The parameter P(0) comes out to be
9 x 10'6 cm~3, which corresponds to a Schottky barrier of 0.1 eV. Taking the HOMO of
MEH-PPV at 5.3 eV and work function of PEDOT:PSS as 5.2 eV the expected barrier is
0.1 eV, which is in excellent agreement with that derived with the theory.

3.8. Combined Effect

It is of interest to examine the case when both effects are taken into account, i.e. the
injection barrier is not zero and also p; # p. Such cases can arise in practice only if Hy
is small. To a non-zero Schottky barrier the value of P (0) is reduced. Since p is always
smaller than P (0), a value of p is also reduced. In general this results in p; > p and the
power law remains valid and Ohm’s law is approached at high voltages. The numerically
calculated values of the J—V curves for such a case are shown in Fig. 3.18.

3.9. Temperature Effects
3.9.1. TEMPERATURE EFFECTS IN PPV-BASED POLYMERS

Campbell and co-workers [46] have measured the J—V curves of PPV-based polymers
at different temperatures in the range 30-270 K. They were able to fit the trapping model,
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F1G. 3.18. Calculated J-V characteristics of an organic diode with exponentially distributed traps in the
energy space. The solid lines 1, 2 and 3 correspond to the conventional theory equation (3.42), the V2 law
equation (3.12) and the Ohm’s law equation (3.46) respectively. Open circles represent the J—V characteristic
for finite (non-zero) injection barrier with p < py, while open squares represent the J—V characteristic with zero
injection barrier but p £ p¢. The plus symbols represent the J—V characteristic when both the cases exist, in-
jection barrier is finite (non-zero) and p £ p¢. The values of the parameters used are: 7 = 295 K, 7. = 1000 K,
Ny =2x109em™3, Hy = 1x 107 em™3, u = 1 x 1072 cm?/Vs, € = 3, ¢y = 8.85 x 10714 F/em,
d = 100 nm and the injection barrier ¢ 5 = 0.11 eV. Inset shows the magnified image of the marked portion.

Eq. (3.42), to their data but the values of the parameters used were somewhat differ-
ent for different temperatures. A closer examination of the data (shown in Fig. 3.19(a))
shows that the trapping model does not explain the results well. For example theoreti-
cally by changing the temperature from 270 to 30 K the value of / 4+ 1 should change
by a factor of 9. Experimentally the change was only by a factor of 2. We have tried
to fit the trapping model with their data [42]. The values of the parameters used in the
calculations are: 7. = 1920 K, H, = 9 x 107 ecm™3, Ny, =3 x 109 cm™3, ¢ = 2 and
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FIG. 3.19. (a) J-V characteristics of a sample of MEH-PPV with a thickness of 94 nm. The symbols repre-
sent the experimental data from Campbell et al. [46] at different temperatures. The solid straight lines are the
calculated values using the trapping model in the same order of temperature from 270 to 30 K. (b) The same
data re-plotted: values of I plotted as a function of 1/7 for V = 10, 2 and 1 V. The figure is taken from [42].



46 Conducting Organic Materials and Devices

w=9x 107 ecm?>V~1s~! At 270 K the fit of the trapping theory is satisfactory as
shown in the figure. The theory did not agree with the experimental data at lower tem-
peratures if the same values of the parameters are used. By increasing the mobility to
1.7 x 107* and 6 x 10~% cm?/V s the data could be made to agree with the theory at 230
and 190 K as shown in the figure. Below 190 K the discrepancy between the calculated
and experimental curves increased very rapidly. The discrepancy at the two lowest tem-
peratures shown by the data (symbols) and calculated results (solid lines 1 and 2) is very
large. Now changes in the other parameters are necessary to bring agreement between
theory and experimental data. Since the measurements were made on the same sample it
is not reasonable to expect that T, and Hy, are different at different temperatures.

Campbell et al. [46] also compared their data with the mobility model. The mobility
model showed a very steep rise in the current with voltage at low temperature, which
is inconsistent with their data. More recently Berleb et al. [47] and Lupton et al. [48]
have also measured the J—V curves of conducting organic semiconductors at different
temperatures. Similar discrepancies between theory and their data are found.

Arrhenius plots of current versus 1/7 in Fig. 3.19(b) show that each plot consists of
approximately two straight lines: one at high temperatures with higher activation energy
and the other at lower temperatures with lower activation energy. These results suggest
that the trapping model determines the J (V) in the high temperature region. At the high
temperatures, the traps are ionized and holes can reach the extended states [42] where they
drift as free holes. At the low temperatures, the thermal energy is not sufficient and holes
remain trapped. The trapping model as formulated above is not applicable under these
conditions. The holes however can tunnel from one trap to another at low temperatures,
which suggests that the mobility model should be preferred now.

3.9.1.1. Analytical Derivation of the Arrhenius Behavior

It is not clear from Eq. (3.42) that the J—1/T plots should be linear and Arrhenius like
as observed in the high temperature regime. Fig. 3.20(a) shows theoretically calculated
plots of log J—1/T. The calculations were made by numerically integrating Eq. (3.43),
which is free from the approximations used in deriving Eq. (3.42). Fig. 3.20(a) shows
that indeed the log J—1/T plots are linear. The activation energy determined from the
slope depends on the value of T;. The effective activation energy E.fr determined from
the slopes varies linearly with the trap energy E; = k7. as shown in the inset of the
figure. Comparison of the mobility model with the low temperature data is shown in
Fig. 3.20(b). The agreement between theory and experiment is excellent. However there is
one weakness in these results. In theoretical calculations different values of Hy, were used
at different temperatures in the mobility model. Since the tunneling probability depends
on both the depth of the trap and temperature, it is possible that different number of traps
is active at different temperatures.

The assumptions and approximations used in deriving Eq. (3.42) break down at low
temperatures or at high-applied voltages. At room temperature and at low applied voltage
the values of J (V) obtained using this equation agree closely with the numerical solu-
tions. Therefore Eq. (3.42) should also yield Arrhenius straight lines if log I values are
plotted as a function of 1/T. Recent work has shown that this is indeed the case [49].
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FIG. 3.20. (a) Calculated current density as a function of inverse temperature for V.= 10 V for a conduct-
ing polymer sample with exponentially distributed traps. The values of the trap distribution parameter T¢ are:
T. = 2500 K (long dash line), 7. = 1800 K (dash-dot line), 7. = 1500 K (solid line), 7. = 1200 K (dot—
ted line) and T, = 1000 K (small dash line). The values of the other parameters are: Hp, = 3 x 1018 cm

Ny =3x100cm™3, ¢ = 2 and Mp =35 x 107 6 cm? V~1s~!. The inset shows the calculated effectlve
activation energy, Ecgf, as a function of the characteristic trap distribution energy E¢ = kT¢. (b) J-V charac-
teristics of a sample of MEH-PPV with a thickness of 94 nm on a log-linear scale. The symbols represent the
data of Campbell et al. [46]. The lines represent calculated values using the mobility model. The figure is taken
from [42].

After some algebraic manipulation Eq. (3.42) can be written as,

_ (NvqV E . (qHyd?
J = ( )f(l)e p|: o (2660‘/)}, (3.50)
where
A+1\* 1N\
f(l):<1+1) (z+1) o (35D

It can be easily seen that the function f (/) becomes practically constant (i.e. independent
of I) at 0.5 for [ > 2. In practice / is always more than 2. Therefore Eq. (3.50) can be
written as,

NyqV E Hpd?
J= (B exp| - 2t 4222 | (3.52)
2d kT 2eegV

to a good approximation. This equation predicts that analytically calculated plots of
In J-1/T are Arrhenius straight lines. However the activation energy determined from
the slopes of these lines are not the activation energy E; but the energy multiplied by a
factor y,

q Hyd?
—1 , 3.53
v n 2eegV ( )
Eetn = v Ev. (3.54)

The activation energy observed experimentally is the effective activation energy and is a
function of applied voltage V and trap density Hp. Several interesting features predicted
by this equation are given below.
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1. For small applied voltage y is positive and the slope of the In J—1/T plots is neg-
ative. For sufficiently high applied voltage V, y becomes negative and the slopes,
positive. The change-over takes place at applied voltage V = V,, given by,

Hpd?
v, = L4
2€€

(3.55)

At V =V, the effective activation energy is zero.

2. The InJ versus In V plots measured at different temperatures also show interest-
ing features. At V = V. the curves are independent of temperature. Therefore the
curves plotted at different temperatures cross each other at one pointat V = V..

3. For determining Hy, it is sufficient to measure J (V) at few temperatures, extrap-
olate them until they meet and determine V.. Hp can now be determined using
Eq. (3.55). The trap density can also be determined from the slopes of In J—1/T
plots using Eqs. (3.54) and (3.53). Trap densities determined by these simple direct
methods agree with those derived by complicated fitting procedures [49].

We have discussed the band model of SCLC. In this model the charge carriers move
by drift in the LUMO (or conduction band). In some cases the observed current has
been attributed to tunneling through the Schottky barrier. Parker [50] has studied the
MEH-PPV and suggested that the J—V relationship of this material is determined by tun-
neling of the charge carriers through the interface barriers. One other model, known as
the mobility model has also been used to interpret the charge transport in the polymers.
Blom and co-workers [51] studied the J—V characteristics of some PPV derivative and
suggested that conduction is space charge limited, and it can be interpreted by the mo-
bility model. The mobility model is discussed in detail in Section 3.10. Campbell and
co-workers [46,52] studied a PPV derivative and concluded that in case of single carrier
injection, the tunneling theory shows very poor agreement. They found that the mobility
model agreed with experimental data only in very limited range of J and temperature.
Power law (J ~ V!*1) based on the band model agreed with experiment over a consid-
erable range of applied voltages [46]. Kumar et al. [44] found that the results of their hole
conduction measurements in MEH-PPV at low and high applied voltages and at different
temperatures agree with the band model. At very high voltages, the current deviates from
this law.

3.9.2. RECENT WORK

The J-V curves of MEH-PPV in hole only devices, i.e. in [ITO/PEDOT:PSS/MEH-
PPV/Au structure, have been studied recently. The J—V characteristics in the temperature
range from 300 to 98 K are shown in Fig. 3.21. The experimental J—V characteristics and
their fitting with the calculated J—V curves are shown in Fig. 3.21. The symbols repre-
sent the experimental data while the solid lines represent the calculated J-V curves.
At low voltages the current shows ohmic behavior which is due to thermally generated
or background carriers. At some intermediate voltages the current increases rapidly. As
the voltage increases further, the contribution of free carriers does not remain negligi-
ble, the current deviates from Eq. (3.42). Our attempts to obtain the V2 law near room
temperatures were not successful. In fact it can be seen from Fig. 3.21 that the slopes
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F1G. 3.21. J-V characteristics of the conducting organic polymer diode ITO/PEDOT:PSS/MEH-PPV/Au on
the log—log scale at different temperatures, where the thickness of MEH-PPV is 65 nm. The symbols represent
the experimental data, while the solid lines are the calculated values using Eq. (3.42) at the corresponding
temperatures [53].

of higher temperature J—V characteristics are smaller than 2 at higher voltages. Since
the slopes are less than 2 it is not possible to obtain the V2 law whatever large the volt-
age is. This is surprising result since the work of Jain et al. [41] shows that the V2 law
should be obeyed at high voltages. This shows that there is some other physical fac-
tor, which comes into play and has not been taken into account in the theory of Jain
et al. The theory is based on the assumption that the carrier density at the injecting
contact is infinitely large. In fact the Schottky barrier at ITO-PEDOT:PSS/MEH-PPV
interface is about 0.1 eV, which shows that the carrier density at the injecting contact
is P(0) = 10° exp(—0.1/kT) = 2.1 x 10" cm 3. Numerical calculations show that
the J-V curves for P(0) = 2.1 x 107 cm~3 are considerably different from those for
P(0) = 10" cm—3.

At low temperatures charge carriers do not have sufficient energy to go into the ex-
tended states and the traps tend to fill completely. As soon as the traps are filled p
tends to become much more than p, and currents follow the V2 law. For the clarity and
complete explanation of our low temperature experimental data the J—V characteristic
at 98 K has been shown separately in Fig. 3.22. The high voltage region in Fig. 3.22
corresponds to the V2 law. The mobility has been calculated from this region to be
0.2 x 107> cm? V~!s~!, which is comparable to the earlier reported values. The values
of other parameters used are: H, = 1 x 1018 cm—3, T. =550K, Ny = 2.7 x 1018 cm—3,
€ = 3 and ¢y = 8.85 x 1071 F/cm. The experimental data is in good agreement from
98 to 223 K with the theory equation (3.42) for the same values of the parameters used.
But the experimental data at 250 and 300 K is in good agreement with the theory if the
mobility is slightly increased to 0.31 x 107> cm?/V's and 0.47 x 107> cm?/V s respec-
tively. This increment in the mobility with temperature is quite low and mobility can be
assumed to be independent of the temperature in the whole temperature range.
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F1G. 3.22. J-V characteristics of the conducting organic polymer diode ITO/PEDOT:PSS/MEH-PPV/Au at
98 K. The squares are the experimental data while the dotted line shows the trap-filling region and the solid line
represents trap-filled V2 region [53].

3.9.3. TEMPERATURE EFFECTS IN MEH-PPV. RECENT WORK

We prepared another diode with the same structure ITO/PEDOT:PSS/MEH-PPV/Au,
but different thickness of MEH-PPV. The thickness of MEH-PPV in this sample was
65 nm. The experimental J—V characteristics of this diode at 300, 243 and 210 K
are shown by symbols in Fig. 3.23. As expected the conventional power law equa-

0.01
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0.001L 2o ool
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F1G. 3.23. Calculated and experimental J-V characteristics of the ITO/PEDOT:PSS/MEH-PPV/Au diode at
different temperatures with the active layer thickness of 65 nm. The symbols represent the experimental data,
the dash-dot lines represent the conventional power law equation (3.42), while the solid curves represent the
new theory equation (3.46) [44].
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tion (3.42) (dash-dot lines in Fig. 3.23) holds well at the intermediate voltage range and
as the voltage increases further the experimental results deviate from Eq. (3.42). The
new theory including the effect of constant of integration C (Eq. (3.46)), at different
temperatures are shown by the solid curves in Fig. 3.23. The experimental data agrees
with the new theory quite well. The values of the parameters used for this sample are:
No = 10" cm™3, T, = 600K, € = 3, €9 = 8.85 x 1074 F/cm, Ny = 2 x 10! cm™3,
Hp = 6.5x10'8 cm™3 and mobility i = 3.6 x 107>, 6.5x 107> and 9.5x 107> cm?/V's
at 300, 243 and 210 K respectively. The mobility used here is the drift mobility, which is
different from the trap-controlled mobility used in the mobility model discussed later.

Since the thickness of the sample used in Fig. 3.17 and the sample used in Fig. 3.23
are different, our theory holds for different temperatures as well as for different thickness
of the samples.

3.9.4. TEMPERATURE EFFECTS IN ALQ3

Balanced charge carrier injection from electrodes into the active organic material
at low voltages is essential for efficient operation of OLEDs. Ideally the anode and
cathode should be able to form ohmic contact so that they can inject large density of
charge carriers. In small molecular materials the injection of negative charge carriers is
more efficiency-limiting factor rather than the hole injection. Thus a stable and efficient
electron-injecting cathode is of great importance. Understanding of the charge transport
in OLEDs is very complicated by the presence of both electrons and holes in working
devices. A complete analytical model does not exist for such cases.

Researchers have used various models to explain the charge carrier transport mecha-
nism in organic semiconductors. Two models have been used frequently, (i) the trapping
model, which assumes a certain distribution of traps in the energy space and (ii) the field
dependent mobility model, which assumes an exponential dependence of mobility on
square root of electric field.

The transport properties of tris(8-hydroxyquinoline) aluminum (Alq3) are of great in-
terest [54]. Alqs is one of the most important emitters and among the electron transport
materials used in OLED fabrication. Early measurements on Alqz [55] show that the
transport at room temperature is by the trapping model, i.e. by the drift flow of elec-
trons in the Lowest Unoccupied Molecular Orbital (LUMO). An activation energy of
0.1-0.2 eV was derived. The band model does not work at low temperatures because
the available thermal energy is not sufficient to ionize the traps [42]. We measured the
current in electron only devices (Al/LiF/Alqs/LiF/Al) at different temperatures. After
preparation the sample was directly transferred to the low temperature measurement as-
sembly. It resulted exposure of the sample to the ambient atmosphere. This procedure is
likely to introduce traps in Alqs [54]. We found that the charge carrier transport mecha-
nism required to interpret the high temperature data is not sufficient to interpret the low
temperature data. This result is in agreement with the results of Ref. [42].

3.9.4.1. Comparison of Experimental and Calculated J-V Characteristics of Algs

The observed J—V curves of Alqs electron only sample from 295 to 83 K are shown
in Fig. 3.24. The band model with exponential distribution of traps fits well the data
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FI1G. 3.24. J-V characteristics of the Al/LiF/Alq3/LiF/Al electron only device as a function of temperature
for Alqz with a thickness of 160 nm [54].

at 295 K. The parameters used in the fitting are: 7, = 2300 K, H, = 2 x 10!7 cm_3,
Ny =34x 1016 cm 3, e =3, and w=1x 1075 cm?V~1s~1. The theory did not match
with the experimental data at lower temperatures if the same values of the parameters are
used. However the data could be fitted with theory at 255 and 219 K by decreasing the
mobility to 6.9 x 1070 and 5.8 x 107° cm?/V s respectively. The fits of experimental
data with the theoretical curves at different temperatures with characteristic temperature
T, = 2300 are shown in Fig. 3.25. The value of trap density H, = 2 x 10!7 cm™> was
obtained by fitting the theory with the experimental curves. Using the same data the trap
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FIG. 3.25. Experimental and theoretical J—V characteristics of the Alqs electron only device at higher temper-
atures. The solid lines are fits of the theoretical prediction to trap model where the current obeys the power law
J = VI+1 while the symbols are the experimental data. From these measurements characteristic temperature

(T¢) of 2300 K can be derived [54].



Optical and Transport Properties 53

density was also determined independently by the method used by Kumar et al. [49]. The
value is comparable to that obtained here. We would like to point out that the mobility
derived by fitting the trapping model to the experimental data is extrinsic apparent elec-
tron mobility due to traps in Alqs, not the real intrinsic electron mobility. Measurements
on intrinsic electron mobility of Alqs using different techniques are available in the lit-
erature. At lower temperatures, the trapping model did not fit the observed experimental
data. It was possible to fit this model at lower temperatures if the values of Hy, and T
were changed. However it is not reasonable to assume that Hy, and 7 are different at dif-
ferent temperatures. This result is similar to that already reported by Kapoor et al. [42] for
poly(2-methoxy-5-(2-ethylhexyloxy)-1,4-phenylene vinylene) (MEH-PPV) as they used
the mobility model at low temperatures. Our data fits the mobility model from 173 to
83 K with the same values of parameters. These results can be understood from general
physical consideration. At room temperature sufficient number of electrons are ionized
from the traps into the LUMO and the transport through the band model becomes ap-
propriate. At lower temperatures, however, the number of electrons ionized in LUMO
becomes small. Now the mobility model, which is predominantly controlled by hopping
of charge carriers, becomes more important. We should like to point out that the transport
by the band model and the mobility model occurs at all temperatures. It is their relative
magnitudes that change in going from high temperatures to low temperatures. In the mo-
bility model the J—V characteristics were obtained by solving numerically the couple
Poisson and continuity equations. The theoretical /J—V characteristics according to the
mobility model with the experimental data at 173, 134, and 83 K are shown in Fig. 3.26.
At high-applied bias the experimental data is in agreement with the theory. The values of
the parameters used in the fitting of the mobility model are: o = 1 x 10715 cm?/ Vs,
To = 600 K and the values of 8 (see Eq. (3.56) in the mobility model) used at different
temperatures are: 5.5 X 1074, 4.2 x 107, and 2.5 x 10~% eVem!/2 V12 4t 173, 134,
and 83 K respectively. It is known that 8 increases as temperature decreases [54]. At first
sight it may appear surprising that our values of 8 decrease as the temperature decreases.

104
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3 10
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F1G. 3.26. J-V characteristics of the Alq3 electron only device at lower temperatures. The solid lines are the
theoretical plots while the symbols are the experimental data. From these results the current was found to obey
the mobility model [54].
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F1G. 3.27. Experimental values of J plotted as a function of 1000/7 for V = 4.77,7.1, 8.9 and 10 V for a
160 nm thick Alqz sample [54].

However a value of 8 decreasing at lower temperatures has also been reported. The value
of B can decrease as temperature decreases due to screening of trapped charges. Fig. 3.27
shows the log J versus 1000/ T plots at4.77,7.1, 8.9, and 10 V. The plots show two linear
regions for each voltage, one at high temperature and the other at low temperature. The
slope of the high temperature regime is larger compared to that in the low temperature
regime. This large difference of the current increment in two regions suggests that the
conduction mechanisms are different in the two regions. The origin of different mecha-
nisms at high and low temperatures has been discussed in detail [7,23]. The activation
energies at low temperatures were measured from the straight lines in low temperature
region shown in Fig. 3.27. The values of the activation energies obtained are plotted in
Fig. 3.28. The zero field activation energy Ag = 0.05 eV was obtained by the extrapola-
tion of activation energy versus field!/? plot to zero fields.
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FI1G. 3.28. Low temperature activation energy versus square root of electric field extrapolated to zero field.
The zero field activation energy was found to be Ay = 0.05 eV [54].
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We conclude that from the experimentally observed power law dependence of the cur-
rent J on V!*! with [ > 2 at high temperatures the conduction is trap limited with
an exponential distribution of traps having the characteristics energy E; = 0.19 eV.
At high temperatures the conduction in the organic molecular solids is through the ex-
tended states. But at low temperatures there is not sufficient energy to ionize the traps and
transport is governed by hopping of charge carriers through the localized states. At low
temperatures the field dependent mobility model is in good agreement.

3.10. Mobility Model of Charge Transport

The mobility model is based on the empirical fitting of the time-of-flight data to obtain
the observed mobility-field dependence [42, and references given therein]. In the mobility
model the mobility p is assumed to vary with electric field F according to the formula
[46,40,56]

1= poexp(BVF/kT) (3.56)
where
Ho = oo exp(—E/kT) (3.57)

and poo is a constant for a given material.2 Eq. (3.56) has been used successfully for
interpreting experimental results in a large number of materials and over a wide range of
electric fields [56,40]. However a general derivation of this equation does not exist [57].
Extensive experimental work on the transport measurements in the hole only and electron
only PPV LEDs has been done by Blom and collaborators (see their review, Ref. [57]).
The result obtained with the electron only devices seemed to suggest that trapping of
electrons determines the transport. To interpret results with the hole only samples it was
found necessary to assume that the samples were free of traps but the mobility is field
dependent. It is not clearly understood as to why the effect of disorder (which results in
the field dependent mobility) is not present in the electron only devices. Generally traps
are always present in all amorphous and disordered materials [38]. It was also not clear
as to why the traps do not play any role in the transport of holes in the hole only devices.
As pointed out recently in Ref. [41] the mobility model cannot explain the J (V') relation
over the whole range of applied voltages.

3.11. Unified Model
3.11.1. SHALLOW GAUSSIAN AND SINGLE LEVEL TRAPS
We treat here the case of shallow Gaussian traps. The equations reduce to those applica-

ble to single level traps by making the standard deviation oy = 0. If the Poole—Frenkel
effect (PFE) is included the J-V relation for a device containing shallow traps is given

2 Different forms of this equation are given in Refs. [57] and [46].
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by the following integral equation [38],

F(x=d) 3~ F(x=d) -2
J = 9ee 9 veys / FXdF f F’XdF (3.58)
- 8 Olup d3 9 L) .

F(x=0) F(x=0)

X = exp[BVF/kT], (3.59)

2
g = W exp<—M n l(3) ) (3.60)
gHqyp kT 2\ kT

Here Hy, is the hole trap density, g is the degeneracy factor (taken as unity in the calcu-
lations), Eyp is the ionization energy of the hole traps, E\ is the valence band edge (i.e.
HOMO), N, is the effective density of states for holes, oy is the standard deviation of
the Gaussian distribution of traps, and the factor exp(8+/F /kT) arises due to the Poole—
Frenkel effect. Analytical solution of (3.58) and (3.60) can not be obtained. Numerically

computed results are shown in Fig. 3.29.
To derive Eq. (3.56) for the field dependent mobility we assume that the mobility p(F)
is an unknown function of F. We integrate the transport and Poisson equations and obtain,

F(x=d) 3 F(x=d) )
J L L. / (F)FdF / (F)F?dF (3.61)
= —€€pg—1 = , .
3 0d3 9 1% 12
F(x=0) F(x=0)
Egs. (3.58) and (3.61) become identical if
1L(F) = 11,0 exp(BvF/KT). (3.62)
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FIG. 3.29. (a) J-V values in ITO/PPV/Au are shown. The solid curve shows the calculated values, and the
symbols show the 296 K experimental values from Ref. [57]. The value of up6 used is 5 x 1077 cm? /Vs
and B/kT = 54 x 103 (cm/V)1/2. The values of the other parameters used are the same as in Ref. [57].
(b) The J-V curves of an AI/OC|Co/ITO Schottky diode are shown. The solid line shows the calculated
values assuming exponentially distributed traps. The dotted curve shows the experimental data. The values of
the parameters used in the calculations are: Hdp =1x 1018 cm_3, Ny = 3 x 1019 cm_3, d = 130 nm,
T./T = 10, Te = 3000K, u = 1 x 1070 cm?/Vs, Bpp/kT = 0.011 (cm/V)!/2 and € = 3¢ (ep is the
dielectric constant of free space) [56].
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Eq. (3.56) for the field dependent mobility and Eq. (3.62) are identical if

poo exp(—Et/kT) = pupb.

If we consider a sample with shallow Gaussian traps and include PFE, the sample behaves
as if there are no traps and the mobility is field dependent given by Eq. (3.56) far as
the dependence of J on V is concerned. The zero field mobility and its temperature
dependence are different in the two equations. If the traps are at a single energy level,
oy = 0 and the temperature variation of the mobility also becomes the same in the two
cases. Eq. (3.58) represents both the models, it reduces to the existing shallow trap model
(without PFE) when B = 0 and to the existing field dependent mobility model when
0 =exp(—E/kT).

Fig. 3.29(a) shows that the results of the unified model (based on shallow traps and
with PFE) agree well with the 296 K J—V curve measured by Blom et al. [57]. Blom et
al. [57] found excellent agreement with the theory that does not assume the presence of
traps but uses the field dependent mobility. The above discussion shows that the model
with shallow traps plus PFE and the field dependent mobility model are equivalent.

3.11.2. UNIFIED MODEL WITH EXPONENTIALLY DISTRIBUTED TRAPS

Fig. 3.29(b) shows the published J-V curves of an Al/OC;C;(/ITO diode by Jain et al.
[40]. [OCCg is poly(2-methoxy-5-(3,7-dimethyloctyloxy)-p-phenylene vinylene).] In
this paper [40] Jain et al. attributed the extremely fast rise of the hole current at low
voltages to Shockley like current due to the forward biased Al Schottky contact. In their
later paper [56] Jain et al. showed that by including the PFE they can fit the theory of
bulk limited trap controlled space charge currents with the same experimental results
(see Fig. 3.29(b)). Jain et al. [40] suggested that PFE induces the high injection effect
earlier, which presumably makes the Schottky barrier at the Al contact small.

Jain et al. [40] fabricated new organic diodes using five-ring PPV-type oligomer 2-
methoxy-5-(2’-ethylhexyloxy)-1,4-bis((4°,4-bisstyryl)styrylbenzene) (MEH-OPVS5, see
its structure in Fig. 3.30). The MEH-OPVS5 films were sublimed in UHV (10~ Torr) at
a source temperature of 210 °C on a cooled ITO coated glass substrate. The metals were
evaporated through a shadow mask. The J—V characteristic of the ITO/MEH-OPV5/Al
diode is shown by the solid curve in Fig. 3.30. The effect of an interfacial layer at the ITO
electrode was also investigated. A device with an interfacial layer of PEDOT inserted
between the ITO and the organic layer was fabricated and its J—V curve was measured
(see the dotted curve in Fig. 3.30). Both solid curve (no interfacial layer) and dotted curve
(interfacial layer between ITO and the organic layer) show the rapid rise of the current
at small voltages. This behavior is similar to that of the earlier diode shown in Fig. 3.29
and can be explained similarly, i.e. by either of the two mechanisms discussed above.
The behavior of the J—V characteristics observed in the voltage range between O and 1 V
is ohmic. It is attributed partly to shunting paths between both electrodes and partly to
background doping. The shunting paths can originate from pinholes in the MEH-OPV5
layer. Covering the ITO electrode with a smoothening PEDOT layer suppresses the ohmic
currents due to shunting paths. The remaining low voltage current is probably due to
the background doping. Measurements of J—V characteristics at different temperatures
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F1G. 3.30. J-V curves of two MEH-OPVS5 based diodes. The structure of MEH-OPVS is shown in the in-
set [56].

should help determine the correct mechanism of current transport in Al contacted organic
diodes.

High field has a large effect on the J—V characteristics of conducting organic materials
and PFE must be included in the calculations. When PFE is included in the calculations,
most experimental results interpreted in the literature by the mobility model can be ex-
plained by the trapping model. This has great advantage because physics of the trapping
model is well understood. The fast rise of the current at small voltages can be explained
by the Schottky barrier at the Al contact or by assuming the Poole-Frenkel detrapping
and exponentially distributed traps. In Fig. 3.29 we have adjusted the values of 8 and
T. to fit the theory with the experiment. Unless reliable values of T, become available
from other independent experiments, it is difficult to determine quantitatively the relative
importance of the PFE in this case.

3.12. High Field or Poole-Frenkel Effect
3.12.1. J-V CHARACTERISTICS

If the electric field is high, ionization energy of the traps is reduced by the Poole—
Frenkel Effect (PFE) [38, and references given therein] or the Arnett effect [58]. The
relation (3.42) between current and voltage is also modified. The Poole—Frenkel effect
is illustrated in Fig. 3.31. The reduction in energy is given by BprF™ where Bpr is the
so-called Poole-Frenkel constant [38] and m varies between 0.5 and 1 depending on the
nature of traps. We use the Poole—Frenkel value m = 0.5. The reduction in the trap depth
is given by the following equation [38],

Epr = Borv'F. (3.63)

If screening is taken into account, the value of this coefficient is modified [39].
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FIG. 3.31. Schematic illustration of the lowering of trap ionization energy by the Poole—Frenkel effect.

We now apply the PFE to the transport of charge carriers in a polymer containing traps
at a single energy level. In the presence of high electric field, the energy appearing in the
denominator of the Fermi function in Eq. (3.24) is reduced by Bpr+/F. The energy in the
§ function remains unchanged. The density of the trapped holes is reduced and is given
by,

H,

" L+ (6aHa/ p(x)) explppe</F /KT
This can be added on the right-hand side of Eq. (3.4). The modified Poisson equation
coupled with the transport equation (3.5) can be solved to yield,

Dt (3.64)

d F(x=d)
/dx - / €0 )l dr, (3.65)
0 F(x=0) 1
where the function F] is defined as,

H,
Fi = [ + } (3.66)
qupF 14 60aHaqupF exp(Bpev/ F/kT)/J

For a given J and d, Eq. (3.65) is solved numerically to obtain the field F(d) at x = d.
The field is assumed to be zero at x = 0. The field F'(d) is now divided in n equal parts
Fi, F, ..., F,. Corresponding values x1, x2, ..., x, are determined using Eq. (3.65)
again. Since F(x) is now known as a function of x, the total voltage drop across the
sample (which is equal to the applied voltage) is obtained by integrating Eq. (3.6). This
procedure is repeated for several values of J and complete J—V characteristics are ob-
tained.

In the case of exponentially distributed traps, the effect of high fields on the trap depths
(Poole—Frenkel effect) can be taken into account by the same procedure. The trapped hole
density is modified and Eq. (3.40) changes to [38],
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This equation gives the final expression for trapped holes in the presence of high field
effects,

_ 11
ﬂPFﬁ) [i] _ (3.68)

= H,
= toexp( L) 2

Eq. (3.68) shows that high field reduces the number of trapped carriers significantly. Now
an analytical solution corresponding to Eq. (3.42) cannot be obtained. The solution can
be written in the following form,

d F(x:d)d
F

/ dx = &0 = (3.69)
2

0 1 F(x=0)

where
_ /F J 1/1
F = + Hyexp Prr . (3.70)
qupF kT¢ qupF Ny

This equation is solved numerically by the method described earlier for the single level
traps.

3.12.2. CALCULATIONS AND COMPARISON WITH EXPERIMENTS

Kumar et al. [39] made numerical calculations for traps at a single energy level and
for traps distributed exponentially in the energy space. The effect of high field is qual-
itatively similar in the two cases. We show the effect of high field on the electric field
in Fig. 3.32. The electric field and Poole-Frenkel effect suppress the actual electric
field considerably. Near the exit end the field is suppressed by more than one order of

| 1 | |
0 20 40 60 80 100
x (nm)

F1G. 3.32. (a) Calculated electric field versus distance in a conducting polymer containing exponentially dis-
tributed traps for J = 5x 1075 A cm™2. The values of the parameters used in the calculations are: 7 = 3000 K,
Hp =3 x 1018 cm_3, d = 100 nm, Ny = 3 x 1019 cm_3, and p = 5 x 105 cmz/Vs. The dashed curve
is without PFE and the solid curve is with PFE. (b) Calculated J (V') curves in polymers with exponential trap
distributions. The values of T are 3000 K (solid curve), 2000 K (dashed curve) and 1000 K (dash-dot curve).
The values of the other parameters are the same as in (a).
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F1G. 3.33. (a) Comparison of the FDTO model (solid lines) with the experimental (symbols) of Crone et al.
[59] for a Ca/MEH-PPV/Ca electron only device. (b) Comparison of the FDTO model (dashed line) and FDTO
with background impurity model (solid curve) with the experimental data for A/MEH-OPVS5/ITO (curve 1) and
for A/MEH-OPVS/PEDOT/ITO (curve 2). The thickness of both samples is 110 nm.

magnitude. The suppression is even larger for the single level traps (see Fig. 1(a) of
Ref. [39]).

According to Eq. (3.5) for a given J the product of p and F remains constant. Suppres-
sion of F results in a large increase in the carrier density. Therefore the current is expected
to increase due to PFE. Numerical calculations show that there is a large increase in the
current when PFE is switched on (see Fig. 2 of Ref. [39]).

Several experimental J—V curves taken from the recent literature have been compared
with the PFE model [39]. We quote a few typical examples here. Extensive measure-
ments of J(V) curves have been made by Crone et al. [59]. They used both hole only
Au/MEH-PPV/AI and electron only Ca/MEH-PPV/Ca devices. Crone et al. [59] used the
mobility model to interpret their results. Comparison of their results for the electron de-
vices with the Field Dependent Trap Occupancy (FDTO) model is shown in Fig. 3.33(a).
The thicknesses of the samples are 25 nm (circles), 60 nm (diamonds) and 100 nm (plus
symbols). The parameters used in calculations are: T, = 1420 K, Hy, = 7 x 10'8 cm™3,
Ny =5 x 1019 cm_3, Ny =1 x 1020 cm_3, u=65x 10°°cm?V-1ls!ande = 3.
The agreement of the experimental results is satisfactory. The model has another advan-
tage. The calculations have been made with the same parameters for all the three samples.
With the mobility model, Crone et al. [59] had to use different values of the parameters
for different samples.

Comparison of the FDTO model with the experiments performed at IMEC is shown
in Fig. 3.33(b). Two sets of diodes were fabricated: (1) A/MEH-OPVS5/ITO (curve 1)
and (2) AVMEH-OPVS5/PEDOT/ITO (curve 2) [40,56]. The values for fitting parameters
used in calculations are: H, = 8 x 101 ¢m~3, n=2x 1075 ecm?vV-1g 1, Ny =
1 x 102 cm™3, T, = 4000 K, € = 2 and back ground doping py = 9 x 10! cm™3
(curve 1) and H, = 1.1 x 107 em™3, u = 1.8 x 107> em?/V's, Ny = 1 x 10?20 cm™3,
T. = 4000 K, € = 2 and back ground doping po = 7 x 10'” cm™ (curve 2). Fig. 3.33(b)
shows excellent agreement of the FDTO model with the experiment provided effect of
back ground impurity is taken into account.
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3.13. Mobility of Charge Carriers
3.13.1. BULK MATERIALS

In a drift dominated case the recombination probability depends on the mean drift
length Wy/e = tn/eThse F. If the mean drift length of one or both of the charge carri-
ers is smaller than the device length d the recombination is significant. The saturated
photocurrent density is given by [60],

J;ﬁt =qgd. (3.71)

The hole mobility in MDMO:PPV is 5 x 107" m?/V's and the electron mobility in
PCBM (a derivative of Cgp, see Fig. 3.1) is 2 x 107/ m?/Vs. Due to large difference
in the mobilities of the two charge carriers the holes accumulate in the device. This in-
creases the electric field near the anode which aids the exit of the holes. The electrostatic
limit of the accumulation is reached when the photocurrent density reaches the space
charge limited current density. Melzer et al. [60] found that if the above value mobility
is used, the observed current exceeds the predicted limit. The only way to understand
this result is to accept that the mobility in the blend is more than in the MDMO:PPV
alone. Melzer et al. [60] measured the hole mobility in the 1:4 weight ratio blend of
MDMO:PPV and PCBM by three methods, the current—voltage measurements, transient
electroluminescence (EL) measurements and admittance measurements. The results of
these measurements are shown in Fig. 3.34(a). The results obtained using three quite dif-
ferent techniques agree closely. More importantly the hole mobilities in the alloys are
some two orders of magnitude larger than those in the neat MDMO-PPV. They are now
much closer to the electron mobility in the PCBM. The possible mechanisms by which
this increase can be obtained are shown in Figs. 3.34(b) and 3.34(c).

Hewig and Bloss [61] and Agostinelli et al. [62] have observed the same phenomenon
in the chalcogenide solar cells. At higher voltages the junction current measured in the
dark becomes smaller than the solar cell output current under illumination. Agostinelli et
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FI1G. 3.34. (a) The charge carrier mobilities in the PCBM [51], MDMO [63], and MDMO:PCBM blends
[60]. Only the blend mobilities were determined by measurement of space charge limited currents (A), by
admittance spectroscopy (<), and by transient measurements of a 200 nm ((J) and a 120 nm (O) layer of the
blend and 60 nm MEH-OPVS5. (b) The molecular conformation of neat MDMO:PPV according to Kermerink
[64]. (c) Upon mixing the MDMO:PPV with PCBM the interactions between the two moieties might change
leading to the new conformation.
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al. [62] have discussed mechanisms that can modify the junction current flow on illumi-
nation.

3.13.2. MOBILITY IN BLENDS

The hole mobility sy, in OC;C19-PPV is 5 x 10711 m?/V s. The electron mobility fie
in PCBM is 2 x 1077 m?/V s. However, the transport of separate charge carriers in an
interpenetrating network may be different than the transport in the individual compounds.
In Ref. [65] the transport and injection of charge carriers in OC;C1o-PPV:PCBM bulk-
heterojunction diodes are investigated.

The J-V characteristics of an ITO/PEDOT:PSS/OC;CoPPV:PCBM (1:4 w/w)/LiF/Al
diode and electron current in a PCBM device have been measured. The thickness of each
device was L = 170 nm. The work function difference between the ITO/PEDOT:PSS and
LiF/Al contacts gives rise to a built in voltage of 1.4 V. The applied bias V was corrected
for the built-in voltage. At large current densities the applied voltage was corrected for the
voltage drop across the series resistance at the ITO contact. Typically the series resistance
was 11 Q. The slope of the log J—log V' plot shows that the current density depends
quadratically on the voltage (J proportional to V?), consistent with the space charge
limited current SCLC. In forward bias the dark current in OC;C;o-PPV:PCBM (1:4 w/w)
bulk heterojunction diodes is equal to the electron current in pure PCBM. This shows
that the electron mobility of PCBM in the bulk heterojunction is not appreciably different
from that in pure PCBM. The SCLC behavior of PCBM current demonstrates that the use
of LiF/Al cathode does not represent a significant barrier for electron injection.
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F1G. 3.35. Experimental J-V characteristics of an ITO/PEDOT:PSS/PCBM/Au injection limited electron cur-
rent (triangles) and calculated space charge limited hole current in OC1C1o-PPV (circles) for a thickness of
L = 170 nm and temperature 7 = 290 K. The inserted figure represents the device band diagram under the flat
band condition of a bulk heterojunction solar cell using Au as a top electrode [65].
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The measured electron current in PCBM injected through Au electrode is shown in
Fig. 3.35. Calculated SCL hole current in OC;C;9-PPV is shown by circles in Fig. 3.35
for a thickness of L = 170 nm. Even with the high Schottky barrier of 1.4 eV (the barrier
determined from the measured current is 0.76 eV) with Al cathode for PCBM is not
sufficient to suppress the electron current in PCBM below the hole current in OC;Cp-
PPV. With the large injection barrier the electron current is injection limited. This work
shows that it is not possible to make hole only devices using OC;C;9-PPV:PCBM bulk
heterostructures.

3.14. Important Formulas

We give below formulas which are frequently needed in modeling the transport in
polymers.
Tunneling currents according to the Fowler—Nordheim theory are given by, [50]

3/2

J = (C/¢p)(V/d)* exp[—Boy~/(V/d)].

Pure ohmic conduction is given by
J=qPO)uV/d.

This is Eq. (3.49). Pure space charge limited current with no traps is given by
J = (9/8)econV?/d?

where €;€ is the dielectric permittivity. This is Eq. (3.12).
Space charge limited current in the presence of exponential distribution of traps is
given by,

ppNy (20 + 1\ 1 e\ Vit
J= — ) .
gt \I+1 I+1Hy ) d2+1

This is Eq. (3.42). If the barrier is not zero, the current is given by,

_ upNy (21 + 1)”1( ! eeo)l i+
ql—l l+1 l+1 Hb [(d-i—c)zlcrill—czlﬁrlll]l_‘_l
This is Eq. (3.46).
The Schottky barrier in polymers is very different from the barriers in Metal-Si. Earlier
computer simulations showed that in n+/n— junction no depletion is formed, instead
accumulation is formed. Also if d is small, in n+/p— junction, there are not enough

carriers to bring the Fermi levels in one line. In numerous cases analytical solutions give
erroneous results and create understanding. Extensive computer simulations are required.

3.15. Summary of This Chapter

We started with a discussion of optical properties. The discussion is brief and covers
points relevant of all polymers. The optical properties of individual polymers are dis-
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cussed in the following chapters. We have given a detailed account of the transport prop-
erties. Greatest advances have been made in this area. the current—voltage (J—V') char-
acteristics of poly(2-methoxy-5-(2-ethyhexyloxy)1,4-phenylene vinylene) (MEH-PPV)
have been studied in the hole only devices ITO/PEDOT:PSS/MEH-PPV/Au, as a function
of temperature from 300 to 98 K. Hole conduction in MEH-PPV has been well explained
by the exponential trap controlled drift model. In a considerable range of applied volt-
ages, current obeys the VI+1 law, as the voltage increases further the current deviates
and becomes smaller. At low temperatures and sufficiently high-applied voltages, current
follows the V? law. The polymer poly(p-phenylene vinylene) (PPV) and its derivatives
are some of the most important materials for the fabrication of the polymer light emit-
ting diodes (PLEDs) and polymer photovoltaic devices. Performance of all these devices
depends primarily on the electrical conduction property of the polymers. The conduction
mechanism in organics is a subject of great topical interest. For further development of
these devices, understanding of the electrical conduction mechanism in such materials is
of great importance.
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CHAPTER 4
LIGHT EMITTING DIODES AND LASERS

4.1. Early Work

A respectable electroluminescence! from an organic molecular solid device was first
demonstrated by Kodak in 1987 [66]. The first polymer LED was fabricated by Cam-
bridge University in 1990 [67]. This stimulated a lot of excitement and intense activity
in the field of organic electronic and optoelectronic devices. Considerable work is now
being done on the Organic Solar Cells, Organic Thin Film Transistors (OTFTs), Organic
Light Emitting Diodes (OLEDs) and lasers.

C.W. Tang and collaborators fabricated the first organic LED in 1987 using tris(8-
hydroxyquinoline) aluminum (Alq3) emitting green light. The chemical structure of Alqs
and other organics used in the LED technology is shown in Fig. 4.1. The LED efficiency,
in lumens per watt, can be more than that of the household bulb and their life can be
more than 10,000 hours. In 1994 Ananth Dodabalapur and his co-workers at Bell lab-
oratories constructed EL devices by sandwiching Alqs between two reflecting surfaces
forming a microcavity. This structure conforms to the physics of Fabry—Perot cavity. In
the conventional structures, the light is wasted since it leaks in all directions. By varying
a thickness of the inert layer, undesirable light can be filtered out and emission of light
can be obtained at any desired wavelength. Since a microcavity LED is more efficient
and uses less current, it lasts longer. Different polymers emit different colors. Absorption
edge in a large number of polymers has been measured. The typical values are: 1.6 eV for
PANI, 2 eV for PT, 2.4 eV for PPV, 2.4 for PPy, and 3.0 eV for PPP. The mobility values
for the polymers vary between 0.01 to 10~7 cm?/V s. The chemical structure of the PPV,
CN-PPV and junction LED is shown in Fig. 4.2. The group at the Cavendish laboratory
headed by R.H. Friend [70, and references given herein] used PPV and its derivatives for
fabricating the LEDs. They observed the green—yellow emission from the PPV LED in
1990. These LEDs gave 2.5 lumens per watt. If driven at high volts light output increases
but faster breakdown of the devices occurs because of the heat generated. The compe-
tition with existing devices is going to be tough. LEDs for indicator lamps are cheaper.
Characteristics of a typical organic LED fabricated by Li et al. [68] are shown in Fig. 4.3.

At present the GaAs wafer size is limited to about 6 inch diameter. To make large
displays, GaAs based LEDs must be individually mounted and wired. A reasonable letter
size can take up to 35 LEDs. The size of organic films is practically unlimited. Moreover
the starting material for organic displays is much cheaper. Intense effort has been made in
developing the thin film organic light emitting diodes [68, and references given therein].

At Siemens the effort is directed to develop devices for use in backlighting for the
keys on mobile telephones or for the liquid crystal display devices. Polymers displays

! This chapter is based on an review written by Pankaj Kumar and collaborators.
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FIG. 4.1. Molecular structure of (a) 8-tris-hydroxyquinoline Al (Alq3), (b) “three-armed” star (3-AS) 4.4’.4”-
tris[N-(3-methoxyphenyl)-N-phenylamine-triphenylamine], and (c) N,N’-diphenyl-N,N’-bis(3-methylphenyl)-
1,1’-biphenyl-4,4’diamine (TPD) [68].

have an edge on LCD displays as it is hard to see these displays from an angle. Philips
at Eindhoven has had a research program on polymers for several years. They have an
agreement with Cambridge Display Technology (CDT) which gives Philips access to
CDT’s patented technology. CDT is a spin-off company of the research group at the
Cambridge Cavendish Laboratory set up in 1992 by R. Friend and A. Holmes of Cam-
bridge University. The group has also fabricated the PPV LEDs with microcavities. They
have demonstrated optically pumped lasing in these structures. CDT believes that over a
period of time cathode ray tubes could be replaced by the polymer devices. The display
business is estimated to be more than $42 billion shortly. Polymer scientists are trying
hard to carve a share for themselves from this business [69]. Large polymer screens can
be easily produced by sandwiching three or four layers of polymers between two elec-
trodes. Pixels can be created by patterning the electrodes. In May of 1996, CDT gave a
public demonstration of a dot matrix display at the Society for Information Display meet-
ing in San Diego. Other products which can benefit from polymer displays are Personal
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FIG. 4.2. Chemical structure of PPV, CN-PPV and of a PPV:CN-PPV junction LED [69].
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Digital Assistants and organizers, CD players, electric razors, alarm clocks, radios and
televisions.

Many organic lasers consist of a transparent gain medium doped with a suitable dye.
The volume fraction of the dye is about 1% so that the spacing between dye molecules
is sufficiently large to avoid concentration quenching. The transparent medium plays no
part in the laser action except to support the dye molecules. The thickness of the film
is from 150 to 200 nm so that it supports only the lowest-order optical mode. Because
of the small quantity of the dye present in this thickness, the threshold power needed for
stimulated emission is large. This difficulty can be avoided by using conjugated polymers
or small molecules which have optical gain [71]. However with such structures a large
part of the emitted light is absorbed in the host medium itself which raises the threshold
power.

Berggren et al. [71] have used 2-(4-biphenylyl)-5-(4-t-butylphenyl)-1,3,4-oxadiazole
(PBD) which is doped with about 1 wt% of fluorescent dyes with different absorption
and emission spectra. The dyes used are C490, DCM2, and LDSB821. In these structures
the emission wavelengths are very different from the absorption wavelengths. The host
medium absorbs the pump light and the excitation is funneled to the dye medium by
the so-called Forster energy transfer process [71]. The average space between the dye
molecules is kept at about 3 nm so that the transfer of energy is efficient. The samples
were pumped with A = 337 nm pulsed unfocused light from a nitrogen laser. At low
input power the PL from PBD and from the dyes was broad. When the input power
was increased the peaks became narrow. However the threshold input power was rather
large. Berggren et al. [71] also studied PBD doped with conjugated polymer, a soluble
derivative of poly(phenylene vinylene) (10 wt%) and an oligomeric phenylene vinylene
(2 wt%). In both cases the amplification of the emission was observed at a low input
power of 200 W cm™2.

4.2. Blue, Green and White Emission
4.2.1. BLUE AND GREEN LEDS

The OLEDs are generally fabricated on an indium-tin-oxide (ITO) coated glass plate.
Recent work has shown that films grown by vacuum evaporation have considerably bet-
ter quality. The cathode is a low work function metal or alloy such as Ca, Mg:Ag and
Al:Li. Electrons and holes are injected from the cathode and the ITO anode respectively.
An organic layer with good electron transporting and hole blocking properties is used
next to the cathode. Similarly a hole transporting layer and electron blocking layer is
used next to the anode. The electrons and holes injected by the cathode and the anode are
driven to the middle of the structure where the electron and hole transporting layers meet.
This produces a configuration similar to the quantum wells in the inorganic devices. The
electron and holes are confined in a small region at the junction of the two layers. The
probability of recombination and emission of light increases. Organic blue and green light
emitting devices have been fabricated using three material systems, (1) small molecules,
(2) conducting polymers and (3) organic matrices doped with dyes. Burrows et al. [72]
have fabricated blue, green and red light emitting diodes for a full color display. Small
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FIG. 4.4. (a) Spectra of the blue, green and red LEDs. (b) The spectra in (a) plotted on the standard CIE color
chart illustrating the range of available color tuning [72].

molecular organic Alqs was used as a green emitter, AlgoOph as a blue emitter and 3%
DCM2 dye doped Alqs as a red emitter. -NPD was used for the hole transporting layers.
The spectra of the three LEDs are shown in Fig. 4.4(a). The three diodes were vertically
stacked over each other with transparent electrodes inserted in-between. Each LED was
independently addressable. The available colors are illustrated in the CIE color chart in
Fig. 4.4(b). The spectra shown in Fig. 4.4(a) are of the stacked devices. The spectra of
the stacked devices are somewhat different from those of individual unstacked devices
because of the cavity interaction and coupling effects. The 1.0 mm diameter devices op-
erated at 0.1-0.5 mA and 15-25 V. The measured external quantum efficiencies are 0.4%
for the green, 0.06% for the blue and 0.05% for the red LED. Red and blue light had to
pass through a Mg:Ag electrode which had only 50% transmission. External efficiency
of 1% is expected from the optimized design of the LEDs in the stacked structure.

Among the polymers PPV, MEH-PPV, BUuEH-PPV, DOO-PPV and Si-PPV have been
used to fabricate LEDs and optically pumped lasers. Most of these polymers emit the
light in the yellowish—green to red regions of the spectrum [73].

A full color display can be fabricated in different ways such as patterning the pixels
individually for three principal colors blue, green and red, using efficient dyes to con-
vert colors [74], color tuning by chromaticity tuning layer [75] or applying different bias
potentials to LEDs, using white OLEDs and filtering white light for a specific color.
The filtration of white light is simple but there is much wastage of energy due to the
absorption of unwanted light. Voltage tunable performances of OLEDs based on some
materials, which produce different colors depending on the operating voltage, have been
reported [76]. However, in such devices it is not easy to control the light intensity and the
emission color at the same time. As the energy of a shorter wavelength can be converted
into the energy of a longer one, using proper dyes blue light can be used to generate
low energy emission of green or red. A blue OLED alone has the potential to generate
all the colors, while the converse: conversion of green or red emission into blue, is not
possible. Generally, the blue OLEDs have lower photometric efficiencies than the green
or red OLEDs. Moreover human eyes have lower sensitivity in the blue region of visi-
ble spectrum. Although all the three principal colors have been demonstrated in OLEDs,
only green and orange OLEDs currently have the abilities to meet the requirements for
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commercial applications. Efficient and stable organic blue OLEDs are still uncommon.
The display technology using OLED:s is seriously handicapped from the lack of efficient
and stable blue emitting materials. Development of blue OLEDs which can be produced
commercially is a subject of current interest [77]. The red OLEDs should also be im-
proved further. Design of stable and highly efficient blue emitters is a long-term research
and development goal.

Blue emission has been studied in a number of organic materials like 1,3,4-oxadiazole
derivatives [78], spiro-bifluorene derivatives [79], metal chelates such as boron, alu-
minum, lithium, gallium, silicon, beryllium complexes [80], amine derivatives [81], 1,8-
acridinedione derivatives [82], anthracene derivatives [83] and polymers like PPV, fluo-
renes, thiophene and pyridine derivatives [52]. Polymer Light Emitting Diodes (PLEDs)
are growing as the main display system because of many advantages concerning prepara-
tion and operation over other display systems. PLEDs exhibiting quantum efficiency up to
10% and 20 Im/W with lifetime of 20,000 h [70] have been reported. The most important
merit of PLEDs is their easy fabrication. Polymer films can be easily deposited by spin
coating their solution in appropriate solvents. In addition the ink-jet printing technique
is a promising technology for patterning the pixels of primary colors. The technique is
already available in top quality inject printers. An LED with a cyano-containing PPV
based copolymer (PC10) as an emissive layer has EL peak in the blue region at 493 nm
[84]. A dioctyl-substituted polyfluorine has the EL peak at 436 nm. Among the dyes
Coumarin 503 dissolved in different polymeric matrices gives emission in the blue re-
gion. In PMMA, MMA and in copolymers MMA and styrene the peak wavelengths are
in the range 472—494 nm [85]. The EL peaks in CBP doped with dyes are 485 nm for
perylene, 460 nm for Coumarin 47 and 510 nm for Coumarin 30. Another polymer, which
has been used by several groups for fabricating blue emitters, is LPPP. The fluorophores
for blue emission have chemical structures like phenyl or fluorene or heterocyclic such as
thiophene, pyridine and furan in the polymer backbone. Heterocyclic units such as quino-
lines, quinoxalines, oxizoles, oxadizoles, benzofunan, thiazoles and thianthrenes are also
blue emitting fluorophores when inserted into the polymer backbones. Leung et al. [86]
achieved a maximum luminance over 14,070 cd/m? for blue light emitting diode based
on bis-(2-methyl-8-quinolinato)aluminum hydroxide (AlmqyOH) while 14,200 cd/m?
for bis-(2-methyl-8-quinolinolato)(triphenylsiloxy)aluminum (IIT) device has also been
reported. It is considered that the Al based complexes have high efficiency and are suit-
able candidates for producing stable blue light emission in small molecular OLEDs.

Enhancement in the performance of OLEDs can be achieved by balanced charge in-
jection and charge transport. The charge transport is related to the drift mobility of
charge carriers. Liu et al. [166] reported blue emission from OLED based on mixed host
structure. A mixed host structure consists of two different hosts NPB and 9,10-bis(2’-
naphthyl)anthracene (BNA) and one dopant 4,4’-bis(2,2-diphenylvinyl)-1,1’-biphenyl
(ethylhexyloxy)-1,4-phenylene vinylene (DPVBi) material. They reported significant im-
provement in device lifetime compared to single host OLEDs. The improvement in the
lifetime was attributed to the elimination of heterojunction interface and prevention to
formation of fluorescence quenchers. Luminance of 80,370 cd/ m? at 10 V and luminous
efficiency of 1.8 cd/A were reported.

Using a hole blocking layer, holes can be confined in hole transporting or in hole
injecting materials and they can be used as emitters. It minimizes the possibility of
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exciton quenching at the organic/metal interface and enhances the device performance
[87]. The devices were fabricated with single and double hole blocking structures, with
4,7-diphenyl,1,10-phenanthroline (BCP), as hole blocking layer. A reduction of 20% in
the FWHM for EL spectra and high luminance ~1025 cd/m? at 170 mA/cm? were
reported. A number of organic materials have been used as hole blocking layer like
bathocuproine [88], SAlq, 4-biphenyloxolato aluminum (IIT) bis(2-methyl-8-qoinolinato)
4-phenlyphenolate (BAlq) and tetra(8-naphthyl)silane (TNS). Due to the larger band
gap, the problem of large energy barriers for charge injection is more serious for blue
light emitting material compared to green and red emitting materials. Generally in de-
vice fabrication a large work function ITO (= 4.7 eV) is used as an anode and Ca
(= 2.9 eV) as cathode. The work function difference between the two electrodes is less
than 2.0 eV, significantly smaller than the band gaps of the blue light emitting materi-
als leading to high injection barriers. Generally hole injection is the main limiting factor
in device performance. To fabricate a high performance blue OLED an efficient hole
injecting or hole transporting layer is necessary. CuPc has been considered good ma-
terial for hole injection layer in OLEDs. Its HOMO (4.8 eV) makes the perfect match
with the work function of ITO and it does not have the drawback of absorption in the
blue spectral region. It even has the capability of filtering out the red and green impure
lights. The color purity and stability are the factors, which require improvements in the
blue OLEDs. Intense research is going on the development of new blue emitting ma-
terials for better performance of OLEDs. The p-i-n structures in OLED devices show
high luminance and efficiency at low operating voltages. Some of the blue emitting ma-
terials are summarized in Table 4.1. A breakthrough from the limitation of OLEDs was
made by a group of researchers from Princeton University who demonstrated very high
efficiency by energy transfer from fluorescent host to a phosphorescent guest material.
Statistically fluorescent organic materials produce 25% singlet and 75% triplet states in
electrical excitation and 100% singlet states in photoexcitation. In fluorescent materials
triplet energy states have low emission quantum yield and thus not contribute to elec-
troluminescence. This limits the maximum quantum efficiency for EL to about 25%.
But some organomatellic complexes (phosphors) have strong triplet emission quantum
yield and provide the possibility of high efficiency EL device by using these materials.
The phosphorescent dopants are doped in host materials having slightly higher energy
gap. In electro-phosphorescence the energy from both the singlet and triplet states of
the fluorescent host is transferred to the triplet state of the phosphorescent guest mole-
cule or the charges are directly trapped by the phosphor. This harvesting of both singlet
and triplet states results in 100% internal quantum efficiency. One of the efficient phos-
phorescent dopant is iridium (IIT) bis[4,6-di-fluorophenyl)-pyridinato-N,C2’Jpicolinate
(FIrpic). OLED devices using this material as dopant have shown external quantum effi-
ciency 10%. Tokito et al. [89] reported a significant improvement in the efficiency of blue
OLEDs using phosphorescent iridium complex Flrpic, doped in 4,4’-bis(9-carbazolyl)-
2,2’-dimethyl-biphenyl (CDBP). The blue phosphorescent OLED exhibited a maximum
external quantum efficiency of 10.4%, corresponding to a current efficiency of 20.4 cd/A.
Probably the most recent known phosphorescent blue emitter is iridium (III) bis(4’,6’-
difluorophenylpyridinato)tetrakis(1-pyrazolyl)borate (FIr6), which shows external quan-
tum efficiency 12% and power efficiency 14 Im/W. Some of the important blue emitting
materials, used as host in phosphorescent devices are listed in Table 4.1.
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TABLE 4.1
BLUE EMITTING HOST MATERIALS

. poly(N-vinylcarbazole) (PVK, 466 nm)
N,N’-diphenyl-N,N’-bis(3-methylphenyl)-1,1’-biphenyl-4,4’diamine (TPD, 420 nm)
4,4’ N,N’-dicarbazole-biphenyl (CBP, 400 nm)

. 4,4°-bis[N-(1-naphthyl)-N-phenyl-amino]-biphenyl [«¢-NPD, 430 nm]
N,N’-bis-(1-naphthyl)-N,N’-diphenyl-1,1’-biphenyl-4,4’-diamine (NPB, 440 nm)
. 9,10-bis(2’-naphthyl)anthracene (BNA, 444 nm)

. bis(2-methyl-8-quinolato) (triphenylsiloxy) aluminum (III) [SAlq, 484 nm]

. aluminum (III) bis(2-methyl-8-quinolinato) 4-phenylphenolate (BAlq)

. 9,10-bis(3’5’-diaryl)phenyl anthracene (JBEM, 450 nm)

. 4,4°-bis(2,2’-diphenylvinyl)-1,1’-biphenyl (DPVBIi, 476 nm)

. bis[2-(2-hydroxyphenyl)benzothiazolate] Zinc [Zn(BTZ)2, 472 nm]

— OV XL AW~

—_

Recently Laskar et al. [90] synthesized some new blue emitting, cyclometallated ligand
2-(4’ ,6-difluorophenyl)-4-methoxypyridine (F;MeOppyH) based phosphorescent iridium
complexes. They fabricated EL devices using the blue Ir(FMeOppy)a(acac) complex
doped in CBP with different hole blockers BCP and BAlq, and concluded that BCP is a
good hole blocker for EL devices. A comparative study of two different host materials
CBP and mCP doped with the same blue Ir(FoMeOppy)a(acac) complex revealed that
mCP has better luminance yield and power efficiency than CBP. CBP doesn’t have suf-
ficient triplet state energy for effective triplet to triplet energy transfer. A study of the
meridional and facial isomers of the same ligand demonstrated that meridional isomer
leads to less stable, broader red shifted emission spectrum, and has lower quantum effi-
ciency than the facial counterpart. A dramatic enhancement in the maximum luminance
and luminous efficiency from 1400 cd/m? and 1.18 cd/A to 5500 cd/m? and 3.18 cd/A
respectively has been demonstrated by the introduction of perylene as a dopant in the
emitting layer. Oligomers, another class of organic semiconductors, are also drawing
attention because of their solubility, structure and optical properties similar to poly-
mers and are vacuum evaporable like small molecules. Li et al. [91] reported a fluorine
containing arylamine blue emitting oligomer, bis(9,9,9’,9’-tetra-n-octyl-2,2’-difluorenyl-
7-yl)phenylamine (DFPA) with a maximum luminance of 1800 cd/m? and an external
quantum efficiency of 1.5%.

4.2.2. WHITE LIGHT EMISSION FROM ORGANIC LEDsS

White light LEDs have been fabricated (see Fig. 4.5). The Organic Light Emitting
Diode technology has the potential as a direct replacement for LCDs in display appli-
cations as well as incandescent lamps for general illumination. All emissive colors are
equally important for display applications but a good quality white light is useful for gen-
eral illumination. The white light source should have good color rendering performance
equivalent to that of a black body source at 3000-6000 K temperature and high-energy
efficiency. Color rendering index (CRI) is a numerical measurement of how true colors
look when illuminated with the light source. CRI can be achieved to its best by broadband
spectra distributed throughout the visible region. Color of light is expressed in the CIE
(Commission International d’Eclairage) colorimetric system by chromaticity coordinates



Light Emitting Diodes and Lasers 75

150

L White

EL Intensity (a.u.)

400 500 600 700 800
Wavelength (nm)

F1G. 4.5. Observed white EL and its blue, green and red components are shown [92].

x and y. A pure white point on the CIE coordinate system is represented as x = 0.33 and
y = 0.33. White OLEDs have typically very broadband emission, which makes them
uniquely suitable for application in full color displays, backlight source for liquid crystal
displays and general lighting purposes. White light can be produced by mixing light of
different colors like blue, green and red in different proportion. Siemens semiconductor
group is one of the first companies to commercialize the white inorganic LED [93] devel-
oped on the same principle. A blue GaN based LED is used to produce white light on a
single chip. The blue light pumps a mixture of suitable phosphors with short pulses. The
phosphors emit visible green, yellow or red light and the mixture of these lights produce
white light. The efficiency of this device is 20% higher than the incandescent lamp. The
working life of the device is 100,000 hours as compared to the life of 50,000 hours of the
incandescent lamp.

Since it is very difficult to obtain a single component white light emission from a small
molecular and polymeric system, so blending or co-polymerization of more than one or-
ganic species are used to achieve white light with good positions on the CIE diagrams.
White emission can be obtained by mixing two complementary colors (blue and orange)
or three primary colors (red, green and blue) from different sources. Many organic elec-
troluminescent materials have desirable broad emission spectra and the emission color
can be tuned by minor changes in their chemical structure. The following techniques are
commonly employed to obtain white light emission from organic LEDs:

Multilayer structure consisting red, green and blue emissive layers.
Forster/Dexter energy transfer.

Exciplex/Excimer charge transfer.

Down conversion by phosphors.

Microcavity structure.

White emission by the horizontally/vertically stacked pixels.
Blending/doping of different emitters into a single layer.
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Most of these methods have drawback that the chromaticity changes largely with
change in the operating voltage and the fabrication processes are much complex.

4.2.2.1. Multilayer Device Structure

One of the approaches to achieve white light is a multilayer structure where the dopants
are segregated into separate emissive layers. Multilayer devices are composed of two or
three emitter layers with different emission colors. The emitter layers are prepared by
consecutive evaporation or co-evaporation of different emitting materials. To minimize
the charge injection barriers and joule heating at the organic/organic interfaces the emis-
sive materials should be chosen such a way that the highest occupied molecular orbital
(HOMO) of one material closely matches with that of the different adjacent emissive
layers and the lowest unoccupied molecular orbital (LUMO) matches closely with that
of the different adjacent emissive materials. The order of the layers is so adjusted that
the energy emitted by one layer is not absorbed by the other layer and energy transfer
does not take place. The emission of the device depends on the thickness and compo-
sition of each layer so they must be precisely controlled to achieve the color balance.
The emission intensity can be controlled by varying doping concentrations, adjusting the
thickness of layers and inserting blocking layers. The exciton recombination zone can
be controlled by inserting a blocking layer that blocks only one type of carrier between
the hole transporting layer (HTL) and electron transporting layer (ETL), so that the re-
combination takes place in two or three different layers resulting emission from each
layers. Deshpande et al. [168] achieved white light emission by the sequential energy
transfer between different layers. The device was fabricated in the configuration ITO/
a-NPD(200 A)/a-NPD:DCM2(0.6-8 wt%, 200 A)/BCP(20-120 A)/Alq3(300 A)/Mg:Ag
(20:1, 700 A)/Ag(400 A). a-NPD was used as hole injection layer, «-NPD:DCM2 layer
was used as HTL as well as emitting layer, BCP layer was deposited for the purpose of
hole blocking layer, Alqs was used as green emitting ETL and Mg:Ag followed by 400 A
thick layer of Ag deposited as cathode. A very insensitive spectral response to the current
density, with a maximum luminance of 13,500 cd/ m?, maximum external quantum effi-
ciency of 0.5% and an average power efficiency of 0.3 Im/W was reported. It has been
found that two or three different colors emitted by different emitters were directly mixed
to give white light. This technique requires complex processing and a large amount of
wasted organic materials resulting in relatively high fabrication cost. Another approach
for white emission from multilayer is multiple quantum well structure, which includes
two, or more emissive layers separated by some blocking layers. In this structure both the
charge carriers tunnel through the potential barriers and distribute uniformly in different
wells. Therefore the matching of the energy levels is not so critical in this system. Exci-
tons are formed and confined in different wells. They do not move to other zones and do
not transfer their energy to the next zone. They decay to produce light of different energy
in their own wells.

4.2.2.2. Forster/Dexter Energy Transfer

One of the concepts used to produce white light emission in OLEDs is based on the
energy transfer mechanism from host molecule to guest molecule. The energy transfer in
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a host-guest system can take place in two possible ways, either by Forster energy transfer
or by Dexter energy transfer. These energy transfers are nonradiative energy transfers.
Forster energy transfer involves the dipole—dipole interaction between the donor and ac-
ceptor molecules. The energy transfer from host to guest by Forster type energy transfer
mechanism is favored by the spectral overlapping of donor emission and acceptor absorp-
tion spectra. It allows only singlet-singlet transition at low acceptor concentrations at fast
rate <1077 s. This energy transfer has a long-range of about 30-100 A. Where as Dex-
ter energy transfer involves electron exchange between the host and the guest molecules,
having the short-range separation of 6-20 A. Basically this energy transfer is diffusion of
excitons from donor to acceptor. Dexter energy transfer allows both singlet to singlet and
triplet to triplet energy transitions. In complete Forster energy transfer the emission from
guest will dominant, therefore for a balanced white light emission, incomplete energy
transfer is required.

Adjusting the doping concentration of guest in the host material one can get the re-
quired color combination to get white light emitting OLEDs. For Forster energy transfer
it is necessary that the emission spectrum of host (donor) and the absorption spectrum
of the guest (accepter) must overlap. Lot of efforts has been made for achieving of
white light emission from small molecules as well as from polymers using Forster/Dexter
energy transfer. Mazzeo et al. [81] achieved white emission from a blend of blue emit-
ting TPD host and a red emitting guest, thiophene based pentamer, quinquethiophene-
17,17-oxide (T50Cx), by the incomplete Forster energy transfer from host to guest.
The energy transfer was favored by the overlapping of the strong emission spectra of
TPD and absorption spectra of the T50Cx. The OLED device having configuration
ITO/PEDOT:PSS/TPD:T50Cx/Ca/Al showed a turn on voltage 3.1 V and maximum lu-
minance of 1020 mW/m2 at 5.4V, with a balanced white emission, almost independent
on the applied voltage.

4.2.2.3. Exciplex/Excimer Charge Transfer

The term “exciplex,” strictly used, refers to excited species made by combination of
two non-identical moieties, atoms or molecules. Excited complexes that do not fall into
this category are known as excimer. In the excimer formation the wave function of ex-
cited states extend over the molecules and the molecules are bound together only in the
excited state but not in the ground state. The exciplex formation usually takes place at
the interface of charge transport layer and the emitting layer. The charge transfer occurs
due to the interaction between the excited state of one molecule with the ground state of
another molecule, leading to the formation of an electron—hole pair, resulting in radiative
decay. The exciplex formation is favored when there is a large difference between the en-
ergies of HOMO and LUMO of the emitter and charge transport layer respectively. Due
to this large energy difference, the tunneling of charge carriers from transport layer to
emitter layer and emitter layer to transport layer will be rare resulting in an accumulation
of the charge carriers at the interface. Now the indirect recombination from the LUMO
of transport layer to the HOMO of emitter layer is more favored. The energy of the ex-
ciplex is always less then the energy of the excited single molecules and its emission is
also very broad. A number of research groups have tried white light emission from exci-
plex formation in small molecules based multilayer devices as well as on polymers based
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multilayer devices. It has been observed that exciplex formation results in the broadening
of electroluminescence spectrum. Recently Singh et al. [95] have obtained white light
emission from organic LED based on a simple bilayer structure consisting of TPD and
zinc banzothiazole with spectral width of approximately 260 nm. A deconvolution study
of PL and EL spectra of the above system revealed that as large as 60% of the broad EL
emission originates from multiple exciplex formation.

4.2.2.4. Down Conversion by Phosphors

In several methods used for white emission from organic LEDs, a difficulty of color
stability due to differential aging of various species is generally faced. White emission
by down conversion phosphors may be an alternative method, which should be far more
robust to color shifting as EL intensity decreases with age. In this technology blue emit-
ting OLED is coupled with one or more down conversion phosphor layers, in which one
of the phosphor layer contains inorganic light scattering particles. On the backside of the
blue OLED, orange and the red phosphors are coated. Some of the portion of the blue
light is scattered and goes through the phosphors without down conversion but the rest
is converted into orange and red light by the phosphors. As a mixture of all the emit-
ted colors we get white light. Duggal et al. [96] reported white light emission from a
blue OLED coupled with a down conversion phosphor system. On the backside of the
blue OLED, down converting orange and the red organic phosphor namely perylene or-
ange and perylene red dispersed in poly(methacrylate) (PMMA) were coated, followed
by a layer of inorganic light scattering phosphor namely Y(Gd)AG:Ce dispersed in poly-
dimethyl siloxane silicon. The quantum efficiency of photoluminescence dyes in PMMA
was found to be >98% and quantum yield of Y(Gd)AG:Ce was 86%. During the op-
eration of the device small portion of the blue light is scattered and goes through the
phosphors without down conversion, but the phosphor layers absorb rest of the blue light
and emit according to their intrinsic property. The mixing of all the emitted light pro-
duces white light. The color tenability can be achieved by changing the concentration
and thickness of the phosphor layers.

4.2.2.5. Microcavity Structure

The microcavity is a system consisting of a pair of highly reflecting mirrors having
separation of the order of a few micron. The optical microcavity is based on the concept
of Fabry—Perot resonant cavity. In the microcavity-structured devices the emitting layer
is embedded between two metallic mirrors or a metallic mirror and a partially reflecting
bottom mirror composed of distributed Bragg reflector (DBR). It leads to strong modula-
tion of the emission spectrum. In the conventional structures, light is wasted as it leaks in
all directions while in case of microcavity structure, light now emerges only from one end
of the cavity and the structure is more efficient. Since a microcavity LED is more efficient
and uses less current, it lasts longer. Hence microcavity resonator is one of the most effec-
tive ways to enhance the luminance and brightness of monochromatic OLEDs. Spectral
narrowing and intensity enhancement of spontaneous emission in OLEDs by microcav-
ity has been reported. However it is incapable to white OLEDs because its emission is
monochromatic. Dodabalapur et al. [97] demonstrated the controlling of the emission of
OLEDs by multimode resonant cavities such that the thickness of the cavity is greater
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than the single mode cavity devices so that it has several resonant modes within the emis-
sion spectrum of the material. By the mixing of the colors from different modes white
emission can be achieved.

4.2.2.6. White Emission by the Horizontally/Vertically Stacked Pixels

This technology is similar to the liquid crystal flat panel displays. Here the pixels of
the three principal colors are patterned separately and addressed independently. In the
horizontally stacked pattern the individual color emitting pixels are deposited either in
the form of dots, squares, circles, thin lines or very thin strips. As a result of mixing of
these colors any desired range of colors can be produced in the same device. As each
color component is addressed individually, the differential color aging can be mitigated
by changing the current through the component. Each pixel can be optimized to operate
at a minimum operating voltage and for highest efficiency. Also reducing the size of the
pixels the lifetime of the device can be controlled effectively.

Burrows et al. [72] have fabricated blue, green and red light emitting diodes in verti-
cally stacked pattern for full color display. Small molecular organic Alqs was used as a
green emitter, AlqoOph as a blue emitter and 3% DCM?2 dye doped Alqs3 as a red emitter.
«-NPD was used for hole transporting layers. The three LEDs were vertically stacked
over each other with transparent electrodes inserted in-between. Each LED was indepen-
dently addressable. The spectra of the stacked devices are somewhat different from those
of individual unstacked devices because of the cavity interaction and coupling effects.
1.0 mm diameter devices operated at 0.1-0.5 mA and 15-25 V. The measured external
quantum efficiencies are 0.4% for the green, 0.06% for the blue and 0.05% for the red
LED. Unfortunately, the metal layers typically used to connect the individual elements
are not very transparent, reducing the resulting brightness of underlying OLEDs in a tan-
dem configuration. Red and blue light had to pass through a Mg:Ag electrode, which had
only 50% transmission. External efficiency of 1% is expected from the optimized design
of the LEDs in the stacked structure.

4.2.2.7. White Emission by Single Layer Structure

The fabrication process and the device operation of white organic OLEDs from the
techniques discussed above are very complex and many parameters need to be optimized
for good color rendering and high luminescence efficiency. These complexities can be
resolved if a single active layer produces white light emission. White emission from a
single layer consisting of a blue emitter doped with different dyes as well as blending
two or more polymers, has been reported. But the approach of white emission by two or
three colors in a single layer has its own problem that because of different rates of en-
ergy transfer between dopants may lead to color imbalance. Some fraction of the highest
energy (blue) will readily transfer energy to the green and red emitters and green emitter
can transfer energy to the red emitter. If the three emitters are at equal concentrations the
red emitter will dominate the spectrum. So the doping ratio must be blue > green > red,
at a very careful balanced ratio. A minor shift in the dopant ratio will significantly affect
the quality of color. This problem can be solved if a single material is used as an emissive
layer and the material has chromophores emitting in the different visible regions. Re-
search is going on the development of white OLEDs based on single molecule as emissive
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FI1G. 4.6. Light output characteristic (a) of the blue ZnSe/ZnCdSe LED fabricated by Eason et al. [99] and
(b) of the blue GaN/InGaN LED fabricated by Nakamura et al. [94].

materials. Recently Mazzeo et al. [98] reported a bright single layer white OLED by spin
coating a single emitting molecule 3,5 dimethyl 2,6-bis(dimesitylboryl)-dithieno[3,2-
b:2°,3’-d]thiophene. The white emission was achieved by the superposition of intrinsic
blue green light emission of single molecule with a red shifted emission due to formation
of cross like dimmers. Bright white electroluminescence was obtained with a maximum
luminance of 3800 cd/m? at 18 V and the external quantum efficiency of 0.35%.

4.3. Comparison with Other LEDs

Performance of typical II-VI and InGaN blue diodes is shown in Fig. 4.6. The tempera-
ture, current and voltage at which the diodes operate are about the same in the two cases.
The external quantum efficiency and the output power are about 3 times larger for the
InGaN. However spectral characteristics of the ZnSe based diode are superior. Best per-
formance characteristics of the organic and inorganic LEDs are summarized in Table 4.2.
The life time of LEDs and lasers are shown in Fig. 4.7.

Since blue, green and red LEDs are now available, white light can be obtained by
mixing colors. We have already discussed stacked LEDs which give full color display or

TABLE 4.2
PERFORMANCE CHARACTERISTICS OF INORGANIC AND ORGANIC LEDS [100]

Characteristics Inorganic LED Organic LED
Usable brightness 107-108 cd/m? 102-10% cd/m?
Fabrication MBE and MOVPE Spin coating and

Vac. Evaporation
Structure High quality QW Disordered layer
Spectral quality FWHM ~20 nm FWHM ~100 nm
Cost (cm™2) $102-103 $1-10
Luminous efficiency Blue: 10 Im/W Blue: 6 Im/W
Luminous efficiency Green: 30 Im/W Yellow—Green: 14 Im/W
Luminous efficiency Amber: 60 Im/W Orange—Red: 3 Im/W
Luminous efficiency Red: 20 Im/W -
Lifetime 105-10° h 6 x 10*h

to 80% brightness to 60% brightness
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white light output [72]. Siemens semiconductor group is one of the first companies to
commercialize the white LED [93] developed on a different principle. A blue GaN-based
LED is used to produce white light on a single chip. The blue light pumps a suitable
phosphor with short pulses. The phosphor emits visible green, yellow or red light. The
white light is produced by mixing the colors. The efficiency of the device is 20% higher
than the incandescent lamp. The working life of the device is 100,000 hours as compared
to the life of 50,000 hours of the incandescent lamp (see Fig. 4.7).

4.4. Organic Solid State Lasers
4.4.1. PHOTOPUMPED LASERS

Photopumped laser action in an organic material was demonstrated in 1967 [101].
First distributed feedback (DFB) and distributed Bragg reflector (DBR) lasers used
poly(methyl methacrylate) or gelatin, both doped with rhodamine-6G. Fluorescent or-
ganic dyes have been used in spherical resonators. The lasing modes of such resonators
are called “whispering gallery” modes. These are optical analogues of the acoustic whis-
pering galleries [101].

The achievement of spectrally narrow polymer laser diode is an important goal for
polymer optoelectronic devices. Optically pumped organic lasers work only in short
(a few nanoseconds) pulses. The high photoluminescence efficiencies and large cross
sections for stimulated emission make the conjugated polymers attractive as the gain ma-
terial for solid state lasers. Organic materials are cheaper than the most commonly used
semiconductor materials in today’s lasers, like gallium arsenide. Since organic lasers use
organic fluorescent dyes as active medium they can provide emission over the whole vis-
ible region. So the small size and availability of organic thin film solid state lasers in the
whole visible spectrum makes the possibility to substantially decrease laser cost and an
alternative to conventional gas or dye lasers. Optically pumped stimulated emission, gain
and lasing action have been observed in many different semiconducting polymers with
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emission wavelength spanning the entire visible spectral range. The conjugated polymer
can also be pumped electrically in diode configuration [102] but so far laser action has
not been observed by electrical pumping. The ultraviolet emission from organic materials
has been observed in diode configuration but still the realization of organic thin film solid
state lasing in the ultraviolet wavelength region below 380 nm is one of the challenges
for organic solid state lasers.

4.4.2. SPECTRAL NARROWING

The spectral narrowing occurs only if the refractive index of the polymer film is higher
than that of the substrate and if the film is thick enough to support wave guiding. The
spectral narrowing results from the amplification of spontaneous emission by stimulated
emission as light travels down the waveguide. The spectral narrowing requires two criteria
to be fulfilled:

1. The active polymer medium must exhibit Stimulated Emission (SE).
2. The emitted photons should travel a distance greater than the gain length in the
excited polymer.

The optical feedback in polymer laser diodes is being provided by microcavities and
planer waveguides with distributed feedback. In general a number of explanations have
been proposed to explain the spectral narrowing in conjugated polymers, like Amplified
Spontaneous Emission (ASE) in asymmetric waveguides, lasing in resonator designs like
microcavities and distributed feedback grating structure, cooperative phenomena such as
superradiance or superfluorescence and emission from biexcitons or condensed excitons,
depending mainly on the excitation geometry. In photopumping of the thin films of con-
jugated polymers, as the pump intensity is increased the intensity of the spectrum peak
grew much more than that of other wavelengths resulting the spectral narrowing.

Light amplification by the stimulated emission process in the absence of resonant feed-
back can be placed in two categories:

(a) Cooperative process: In this process the dipoles are coupled together through their
overlapping radiation fields, and it can be superradiance (SR) or superfluorescence (SF).
Superfluorescence (SF) is a phenomenon in which emitters interact with each other over
relatively large distance through their overlapping radiation fields and form a coherent
state that undergoes cooperative spontaneous emission. For SR the dipoles are initially
coherently prepared, while for SF they are initially uncorrelated, although they evolve
into a coherent emission after a certain delay time.

(b) Collective process: It is similar to Amplified Spontaneous Emission (ASE). In this
phenomenon the spontaneous emission, coming from a distribution of emitters is linearly
amplified by the gain medium. Frolov et al. [103] associated the spectral narrowing from
DOO-PPV in terms of excitonic cooperative superradiation but McGehee et al. [104]
suspected that the possibility of spectral narrowing as a result of superradiance or spon-
taneous emission from biexcitonic state is wrong. They performed spectral narrowing
by photopumping of the sample with a laser stripe of variable length and measured the
output light intensity at the end of the stripe. Their results agree with the ASE theory,
which predict that the spectra of output light are broad when the pump stripe length
is short but become narrow, as the pump stripe length is increased. If superradiance or
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stimulated emission from a biexcitonic state were responsible for spectral narrowing the
emission spectra should not depend on the size of the excited region and the spectral nar-
rowing would have been seen at short excitation length. The dependence of FWHM on
the intensity of the pump source at constant stripe length of 2 mm was also described.
Organic semiconductor based on Alqs doped with DCM dye emit in the red region (620—
660 nm). Recently organic laser diodes (OLDs) have been fabricated with CBP as the
electron transporting layers and doped with perylene. Lasers were also fabricated with
C47 and C30 dyes but were not as efficient. Electrons can be easily injected in the CBP
from Ag electrodes.

The organic polymers are deposited by spin coating and oligomers by evaporation
[106]. The cathodes are deposited by evaporation using shadow masks [106]. Recently
patterns of doped polymers were directly deposited by ink-jet printing using a Cannon
PJ-1080A printer (see Hebner, 1998 [106]). The polymer used was PVK doped with
C6, C47 and nile. Authors have published a beautiful photograph of the ink-jet printed
luminescent polymer letters of red nile doped PVK. The thickness of the dots ranged
from 400 to 700 A and the width from 150 to 200 um.

4.4.3. BLUE LASERS

1996 was a banner year for the organic Lasers. Optically pumped organic laser were
reported by several groups [73, and references given therein]. Lasing in current injected
organic diodes has not yet been achieved. Optically pumped organic lasers work only
in short (a few nanoseconds) pulses. At the present time the organic polymers can not
withstand high excitation levels continuously for longer times. With improved sample
fabrication techniques the threshold power at which spectral or gain narrowing occurs in
the PPV derivatives is now a few tens of uJ/cm? [73]. Optically pumped lasers based on
dye doped organics and on several polymers have been reported. The emission from a
perylene doped CBP film [105] is shown in Fig. 4.8(a). The emission from an electrically
driven GaN based laser diode is shown in Fig. 4.8(b) for comparison. The organic laser
was pumped with 500 ps pulses of 337 nm light from a nitrogen laser. The repetition rate
was 50 Hz. The cavity length was 5 mm. Above the threshold a well defined blue laser
beam is clearly observed. The peak wavelength is 485 nm and FWHM is 2 nm. Lasing
in CBP doped with 1 to 5% Coumarin 47 was also observed. Lemmer [73] has reported
a blue optically pumped laser using LPPP polymer. The LPPP films were 800 nm thick
and were fabricated by spin coating. LPPP has two emission bands, one stronger peak at
460 nm and the other vibronic side-band at 490 nm. On increasing the excitation energy
to more than 10 nJ, spectral narrowing of the 490 nm emission peak was observed. The
absorption band has a low energy tail and the absorption at 460 nm is large. The 460 nm
peak does not show the spectral narrowing because of self absorption.

4.5. Quantum Efficiency and Degradation
Internal quantum efficiencies in the inorganic light emitters can approach 100%. Ther-

mal conductivity of the inorganic semiconductors is high. Large currents can be injected
in to the diodes. The inorganic semiconductors can be doped to high electron and hole
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FIG. 4.8. (a) CBP:perylene high quality blue laser emission with very narrow band width [105]. (b) Emission
spectra of CW InGaN MQW laser diode with two different operating currents at RT [171].

concentrations. The contact resistance is low for both p- and n-type contacts. Very high
quality quantum wells can be fabricated. Therefore the inorganic light emitting devices
are inherently more efficient. The excited state in the organic materials consists of triplets
and singlets. Only singlets can give rise to EL. Therefore internal quantum efficiency of
the EL in organic materials is <25%. In the organic LEDs the degradation increases with
the driving current. Hole transporting layers have poor thermal and chemical stability.
They can degrade due to poor encapsulation, contamination with impurities emanating
from the electrodes and due to heat generated during the working of the device, and also
by the injected electrons.
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GaN-based LEDs work even when the defect concentration is very high, 1019 cm™2,
A defect concentration of 107 cm~? is fatal for the GaAs-based light emitters. Scientists
do not fully understand why these devices work. The maximum lifetime of the ZnSe-
semiconductor laser diode is about 400 hours (see Fig. 4.7). The lifetime of the InGaN
LEDs and laser diodes is ~10,000 hours. In the case of laser diodes this high value of
the lifetime is achieved with the laterally epitaxially overgrown (LEO) layers [107]. The
bond strength of III-V semiconductors, including the III-Nitrides is large. Defects are not
easily created and they do not multiply because nucleation and propagation energy for the
dislocations is large. The II-VI semiconductors have large ionic bonds and are relatively
weak. Defects are created during the operation of the devices. They multiply rapidly and
migrate into the active layer leading to the failure of the device.

In organic molecular materials the charge carriers are localized on single molecules.
In polymers they are localized on single functional groups on the polymer backbone.
Low mobilities are not as harmful as one might think. Due to low mobilities the carriers
do not sample the large volume before they recombine. Since the charge carriers “see”
only the molecule or the functional group over which they reside for long times, they
are practically “unaware” of the defects and disorder present in the organic material.
The mobilities are sufficient so that the oppositely charged carriers can move and meet
each other but not too large to promote non-radiative recombination. Low mobilities also
permit very thin (~50 nm) layers of the devices.

We now discuss the inorganic semiconductors. Fabrication of II-VI and III-Nitride de-
vices emitting in the blue region became possible because of the development of strained
layer epitaxy [107]. MBE and MOVPE are used for depositing the strained layers of these
semiconductors. Most work on II-VI semiconductors has been done on layers grown by
MBE. MOVPE has dominated the growth of the III-Nitrides [107]. Generally GaAs sub-
strates are used for the growth of the II-VI semiconductors. Sapphire and SiC substrates
have been used extensively for the growth of the III-Nitrides. Luminescence, optical ab-
sorption, EPR and X-ray techniques are used to characterize conducting oligomers and
polymers and both wide band semiconductor families. In the early days good quality de-
vices could not be fabricated mainly because ZnSe-based semiconductors could not be
doped p-type. Successful p-doping of these semiconductors with nitrogen was achieved
by using RF-plasma or ECR sources of nitrogen in 1991. Once p-doping was achieved,
a junction laser diode using ZnCdSe quantum well (QW) as an active layer could be fab-
ricated. Good ohmic contacts to p-type ZnSe can be made by using a thin ZnSeTe layer.
Development of the III-Nitride thin epilayers has been more difficult. A suitable substrate
with small lattice mismatch is not available. Bulk GaN crystals of large diameter have not
been grown. Quality of layers grown on sapphire and SiC was very poor. Doping GaN
with acceptors was also very difficult. These difficulties were solved by breakthrough
results obtained in Japan in 1988/1989 [107, and references given therein]. It was found
that good quality large area layers of the III-Nitrides can be grown if first a low temper-
ature (~550°C) 50 nm buffer layer of AIN or GaN is grown by MOVPE on a sapphire
substrate. After the growth of the buffer layer, the temperature is raised to ~1050 °C for
the growth of the main epilayer of the III-Nitride. As grown Mg doped GaN is semi-
insulating. It was also discovered that Mg doped GaN becomes p-type highly conducting
if irradiated with low energy electron beams. Annealing at high temperatures also ac-
tivates Mg acceptors. Making low resistance ohmic contact to p-type GaN has not yet
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been accomplished. Blue and green InGaN active layer LEDs were commercialized in
the mid-1990s.

4.6. Stability
4.6.1. DEGRADATION OF THE POLYMER

Degradation of the LEDs can occur due to several factors. Some of these factors are:
crystallization of the organic layer, electrochemical reactions at the electrode/organic in-
terface, migration of ionic species, oxidation of the polymer, and electrochemical and
electrooptical reactions.

The lifetime of an LED is defined as the time during which the emission of the device
decreases by 50%. For commercial application of the organic LEDs the shelf life should
be several years. The operational lifetime should also be sufficiently long, i.e. between
100 and 10,000 hours. The minimum lifetime required depends on the application. The
intrinsic lifetime of a device under ambient conditions is short due to degradation by
oxygen and water vapors. Degradation depends on the morphology and threshold voltage
for light emission. These properties depend on the nature of the solvent as discussed
below.

Liu et al. [108, and references given therein] have studied the effect of nature of the
solvent, polymer concentration in the solvent and of the spin speed on the electrical
and optical properties of poly(2-methoxy-5-(2’-ethyl-hexyloxy)-1,4-phenylene) vinylene
(MEEH-PPV) based light emitting diodes (LEDs). The cathode was Ca or Al metal and
the anode was ITO/PEDOT (3,4-polyethylenedioxythiophene-polystyrenesulfonate). De-
vices were fabricated in two solvents (1) the so-called DCB films and devices from a
0.8 wt% (8 mg/ml) solution in dichlorobenzene and (2) or the THF devices from a
0.6 wt% (6 mg/ml) in tetrahydrofuran. The polymer thin film spun directly from the
THF solution was usually not uniform. Therefore the THF solution was spun under an
environment in saturated THF vapors. The thickness of both the DCB films and the THF
films was about 130 nm. The experimental /-V and B-V curves showed significant
differences in the behavior of the two films. The DCB films showed a higher injection
current. The DCB films also had a higher mobility and lower electrical resistance. The
DCB devices had a better contact with the anode and therefore lower barrier for hole
injection. The voltage for light emission was smaller for the DCB devices; 1.75 V for a
DCB device versus 1.94 for a THF device. Because of the higher voltage needed for light
emission, the THF devices are likely to degrade earlier.

The properties of anode/polymer contact depend on the morphology of the polymer
film. Changing solvents and fabrication conditions can control the morphology. In the
case of non-aromatic solvents there is a time lag in the current injection voltage (i.e.
electron injection voltage) and light emitting voltage (which is equal to hole injection
voltage). Experiments show that the solvent induced changes in morphology are impor-
tant in determining the device performance and presumably the degradation.

Early studies of the degradation and failure of [ITO/MEH-PPV/Ca light emitting diodes
were made by Scott et al. [178]. The authors found that the degradation occurs by two
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FI1G. 4.9. Chemical structure of poly(dialkoxy-p-phenylene vinylene) [109]. (b) Schematic layer structure of
the device.

mechanisms. The first mechanism results from oxidation of the MEH-PPV polymer it-
self, probably the oxygen atoms come from the ITO anode. The oxidation decreases the
luminous efficiency and increases the electrical impedance. The efficiency decreases on
both accounts. The second mechanism involves the formation of hot spots at the cathode,
similar to the black spots observed by subsequent workers and discussed below. As the
hot spots increase in size the active area of the device is progressively eroded until the
device fails.

Berntsen et al. [109] measured the stability and lifetime of the organic LEDs. The ac-
tive layer of the device consisted of a single layer of poly(dialkoxy-p-phenylenevinylene).
The chemical structure of the polymer is shown in Fig. 4.9(a). A schematic layer struc-
ture of the LED is shown in Fig. 4.9(b). The operational lifetimes in nitrogen ambient in
a glove box were a few hours. The lifetime improved on treating the ITO with UV/O3.
Typically the lifetime was 300—-400 h for such devices. In the light and in the air photoox-
idation of the PPV occurs. The vinyl-bonds break and carbonyl groups are formed. The
carbonyl groups are observed in the Fourier Transform Infrared Spectroscopy (FTIR).
The conjugation of the polymer is interrupted and the conjugation length of the polymer
is reduced. The optical absorption and the photoluminescence intensities decrease and
their peaks shift to shorter wavelength. Experiments showed that this type of degradation
was more severe in air than in water vapor or vacuum. The degradation was not sensi-
tive to the incident power density over wide range of the power density values. Optical
measurements also showed that the degradation under illumination did not occur if the
ambient is nitrogen. X-ray photoelectron spectroscopy (XPS) showed that the thickness
of the oxide layer at the interface of the cathode and the active layer did not increase and
the devices did not degrade during operational testing. Therefore we conclude that for a
single layer device, the lifetime is not limited by the degradation of the polymer at the
interface.

4.6.2. THE CATHODE AND THE BLACK SPOTS

The cathode degrades by the formation of black spots if the device is operated under
ordinary ambient conditions [109]. The black spots are circular in shape and do not emit
any light. With aging the average size of the spots increases but their number remains
constant as shown in Fig. 4.10(a). SEM measurements showed that there was a pinhole at
the center of each spot. The black spots are cause by the pinholes in the metal. The number
of the black spots decreased as the thickness of the metal layer was increased as shown
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FIG. 4.10. (a) The average black spot size as a function of storage time in air for an unencapsulated single
layer device with a 4 pm thick metal cathode. (b) The black spot density versus the thickness of the cathode
layer [109].

in Fig. 4.10(b). Subsequently black spots have been observed by several other groups
[110,111, and references given therein]. Schaer et al. [110] fabricated the organic LEDs
on ITO coated glass substrate. The layer structure of the device is as follows: 10 nm layer
of copper-phthalocyanine (CuPc) evaporated on ITO, 40 nm thick hole transmitting layer
4,4’-bis(N-(1-naphthyl)-N-phenyl-amino)biphenyl (¢-NPD), and 25 nm of Alqz doped
with rubrene. The cathode was a 0.9 nm thick LiF layer covered with 75 nm thick Al layer.
Following fabrication the LEDs were tested inside a glove box. Experimental results of
Schaer et al. [110] are shown on the left in Fig. 4.11. Fig. 4.11(a) is the optical image
of an LED working at a luminance of 100 cd/m? under water vapor atmosphere. Non-
emitting dark spots can be seen clearly. If the device is operated at a constant brightness,
the growth of the spot diameter Ds is given by,

Ds(t) = Ag exp(kt), 4.1)

where A is the initial dark spot diameter and k = 2 x 10™*s~! is the growth rate.

Fig. 4.11(b) shows the SEM picture of the black spots. Fig. 4.11(c) (on the left side)
shows that as the diameters of the spots grow, the driving current decreases. The spots
hinder the injection of the carriers into the polymer. Schaer et al. [110] also showed that
water is a thousand times more destructive degrading agent than oxygen at room tempera-
ture.

Czerw et al. [111] investigated the failure modes of an LED with MEH-PPV emissive
layer. The layers were grown on B doped Si substrate and the layer sequence was Ag, Si
mono-oxide, PEDOT:PSS (polyethylene dioxy-thiophene-polystyrenesulfonate), MEH-
PPV, Alqs and LiF/Al. The black spots observed in a cross-sectional scanning microscope
are shown on the right side in Fig. 4.11. The size of the spots varied from hundreds of
nanometers to several microns. Energy dispersive X-ray analysis showed that the black
spots mainly consisted of carbon. At the location of the spots the polymer has been car-
bonized and has extruded through the cathode. The regions surrounding the spots are left
with no polymer. Delamination of the cathode and its separation from the polymer was
also observed.
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FI1G. 4.11. Left: (a) Optical microscope image of an OLED working at a luminance of 100 cd/m2 under water
vapor atmosphere. Non-emitting dark spots can be seen clearly. (b) SEM image of the bubbles formed on the
aluminum cathode in the dark spot area. (c) Correlation between dark spot growths (taken from the increase in
diameter) and total current density [110]. Right: (a) Shown here is the random pattern of carbonized areas on
the surface of the cathode after operation, shown in wide field. (b) At higher resolution, the structure of one of
these areas becomes more apparent. (c) and (d) show nanoscale views of carbonized areas with the extrusion of
the polymer through the cathode and the resulting void underneath [111].
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4.6.3. DEGRADATION OF THE ANODE

Chemical cleaning of ITO and its treatment with UV/O3 or O plasma improves the
performance of the LED considerably. The device works at lower voltages and for longer
times. Measurements show that this treatment increases the work function of the anode
considerably. Treatment with H, did not increase the work function. Therefore it is con-
cluded that the treatment increases the oxygen content of the ITO surface. Oxygen is
electronegative and can form a negatively charged surface layer. This can cause a deple-
tion of electrons just below the surface. The resulting band bending can increase the work
function. However this oxygen layer is not very stable. The stability of the anode can be
improved by applying a PEDOT layer on ITO before coating it with the emissive polymer
layer [109]. The PEDOT layer increases the operational lifetime enormously. Tests in a
glove box gave lifetime up to 5000 hours. Berntsen et al. [109] developed a technique of
encapsulation such that oxygen and water vapors do not reach the active layer. The per-
formance of the encapsulated LED with PEDOT/ITO anode is shown in Fig. 4.12. Nine
devices were tested. The operational lifetime of 7 of these devices was more than 3000 h.
The devices were also tested at high temperatures. At 70 °C and 50% humidity the life
time was more than 500 h.

Jeong et al. [112] have discussed again recently the problem of cathode degradation
in LEDs. Recent studies show that the dark spots on the cathode have dome like bub-
ble structure filled with gases, mostly oxygen. The authors found that if Al cathode is
prepared by Ion Beam Assisted Deposition (IBAD), it is more dense and suppress the
formation of the black spots. However the energetic ions degrade the organic material and
performance if the device degrades. In normal LED processing Al cathode is deposited by
thermal evaporation. Thermal evaporation avoids damage to the organic material caused
by energetic ions in IBAD. By inserting a thin Al buffer layer between the IBAD Al and
organic material the damage to the organic material was suppressed. Jeong et al. [112]
were able to fabricate OLEDs with good performance and longer life.
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FIG. 4.12. Light output of an encapsulated 8 cm? polymer LED with an ITO/PEDOT anode. The measurement
has been performed in a climate chamber at 20 °C and 50% relative humidity [109].
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4.7. Soluble New 5-coordinated Al-Complexes

The most important work in the luminescent organic materials was the discov-
ery of luminescence in tri (8-hydroxyquinolinato) aluminum (Alqz) [66]. Lots of 8-
hydroxyquinoline derivatives have been synthesized for the purpose of color tuning and
better device performance. In all cases of 8-hydroxyquinoline derivatives the emission
(PL and EL) have been attributed to the 77— ™ transitions in 8-hydroxyquinoline ligand.
Both blue and red shifts in the emission can be obtained by introduction of electron donat-
ing substituent on the pridyl ring or on the phenoxide ring [113]. Algs films are usually
prepared by vacuum deposition, which require costly coating units. Alqs has been re-
ported as a pure green emitter with a broad emission peak at 530 nm. Pure yellow and
red emission can be obtained by doping Alqs with a small amount of suitable fluorescent
dyes [113].

Misra et al. [113] have reported the synthesis and optical/electrical properties of new
5-coordinated Al-complexes designed as Alq(1) and Alq(2). The complexes are vacuum
evaporable as well as soluble in many organic solvents. EL peaks of these new complexes
emit in the range 522-523 nm, which is nearly 8 nm blue shifted compared to that of
Algs. The chemical structures of the complexes were determined with the help of the
Hydrogen Nuclear Magnetic Resonance (HNMR) and Fourier Transform Infrared (FTIR)
spectroscopy techniques. The structure of these complexes is shown in Fig. 4.13.

The thermal stability of the complexes was determined by thermo gravimetric analy-
sis (TGA) with a Mettler TA 3000 System at a scan rate of 10°C/min under nitrogen
atmosphere. The complexes were found quite stable up to 430 °C. The maximum weight
loss occurred at about 450 °C.

UV-vis absorption spectra of Alq(1) and Alq(2) were studied in the solution and in
thin films. No difference was observed in the main absorption peaks in solution and thin
films. The absorption and PL measured in the solution and in thin films of the complexes
are shown in Fig. 4.14. The synthesized complexes showed strong green emission in
the range 522-523 nm. The optical band gap of the materials were determined from
absorption edge and using the Tauc relation, which relates the absorbance A, with the
band gap as

Ahv = (hv — Eg)" 4.2)

where n is 1/2 for direct band gap materials and 2 for indirect band gap materials, E, is
the band gap and &v is the photon energy. The value of the optical band gap was obtained
by extrapolation of the straight-line portion of the Absorbance? versus 4v plot, to A = 0.
The calculated band gaps of the complexes were nearly equal at a value 2.8 eV.

For Alq(1) and Alq(2) the EL spectrum peak appeared at 522 nm and 523 nm respec-
tively. The values are nearly 8 nm blue shifted compared to that of Alqz (531 nm). All the
EL spectra of the devices are almost identical to the PL spectra of respective aluminum
complexes.

The OLEDs were fabricated on the pre-patterned, pre-cleaned indium tin oxide (ITO)
coated glass substrates. The substrates were patterned using standard photolithography
technique and then cleaned with soap solution followed by boiling in trichloroethylene
and isopropyl alcohol. The films were finally dried under vacuum. After cleaning the
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FIG. 4.13. Molecular structure of (a) Alqgs, (b) Alq(1) and (c) Alq(2) [113].

substrates were treated with atmospheric plasma for five minutes. The devices were fab-
ricated in the double layer configuration ITO/TPD(25 nm)/Alq(1)(35 nm)/LiF(0.5 nm)/
Al(150 nm) (device 1) and ITO/TPD(25 nm)/Alq(2)(35 nm)/LiF(0.5 nm)/AI(150 nm)
(device 2). Alqgs device was also fabricated in the same configuration ITO/TPD(25 nm)/
Alq3(35 nm)/LiF(0.5 nm)/Al(150 nm) (device 3). Device 3 was used as a reference de-
vice. In all devices the hole-transport layer (TPD, 25 nm) was evaporated onto the cleaned
ITO substrates to facilitate better injection of holes into the active layer (aluminum com-
plex layer). Subsequently a 35 nm layer of an aluminum complex was deposited on TPD.
After a thin buffer layer of LiF (0.5 nm) a 150 nm thick Al cathode was deposited in
the same vacuum condition. Thickness was measured with a HINDHIVAC quartz crystal
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FIG. 4.14. Upper figure: Normalized UV-Visible and PL spectra of Alq(1), Alq(2) and Alqz aluminum com-
plexes. Lower figure: Normalized EL spectra of Alq(1), Alq(2) and Alqs aluminum complexes [113].

DTM-101 thickness monitor. After fabrication the device was transferred to a glove box,
so that there was a brief exposure of the device to air. The device was hermetically sealed
in the glove box under dry nitrogen atmosphere and then was taken out. Subsequently
all the electrical measurements were done in the ambient atmosphere. OLEDs were also
fabricated by the spin casting of Alq(1) and Alq(2) from the chloroform solution. The
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FI1G. 4.15. I-V-L characteristics of devices in ITO/TPD/aluminum complex/LiF/Al configuration [113].

EL of solution-processed devices was similar to that fabricated by vacuum evaporation
of the complexes but the operating voltage was quite large. The I-V—L characteristics
of the devices were measured using computer interfaced KEITHLEY 2400 Source Meter
and LMT luminescence meter. The -V —L characteristics of device 1, device 2 and de-
vice 3 are shown in Fig. 4.15. The current and light output increased with the forward bias
voltage. The turn on voltages of device 1, device 2 and device 3 were 4, 6, and 5.5 V re-
spectively. For device 1 the luminance of 1400 cd/m? was achieved at the applied voltage
of 8 V. For device 2 and device 3 the luminance of 1342 and 2040 cd/m? was achieved
at the applied voltage of 10 V. The luminous efficiency was 0.74, 0.65 and 0.70 cd/A for
device 1, device 2 and device 3 respectively. The emission was uniform over the entire
active area of the devices. EL for all devices was studied at different voltages from 4 to
10 V and was found to be nearly independent of the applied voltage and CIE coordinates
stayed at nearly same position.

4.8. Summary and Conclusions

Scientists and engineers have made considerable advances in the field of organic LEDs
during the last 10 years. Several blue, green and white solid state light sources have
matured. Many of the devices have been commercialized. More work is still required in
some areas. Long term reliability of II-VI devices needs improvement. Better contacts to
p-GaN are urgently required. Life time of optically pumped organic lasers is still short. It
is not clear whether scientists will be able to achieve electrically pumped organic lasers.



CHAPTER 5
SOLAR CELLS

5.1. Introduction

Solar cells (also known as photovoltaic (PV) devices) have become an important source
of renewable clean energy. The world annual production of electricity by Si solar cells is
now several tens of megawatts. However the cost of these cells is high. They are not able
to compete with the conventional power plants. The search for cheaper PV cells has been
on for a long time [114,7]. Early work on conducting polymer solar cells was done with
the hope that the cost of the cells will come down. However the conversion efficiency
n of the early cells was only a few hundredths of a percent, always smaller than 0.1%.
The main difficulty arises due to the fact that the excitons generated by the incident light
in the conducting polymers have a large binding energy. They do not dissociate at room
temperature. The probability of their recombining is much higher than the probability of
their dissociation. This property is useful for light emitting devices and explains why the
work on LEDs has been so successful (see for example [115,92,105]). Until recently the
prospects of useful polymer PV cells were not good. However two important papers were
published in 1992 [116,117]. These papers showed that Buckminsterfullerene Cgp, mixed
with a conducting polymer, is very effective in dissociating the excitons in the polymer.
PV devices were made without the use of exciton breaking agents in 1994 [118,15].
These devices continued to show poor performance. More recently PV devices have been
fabricated using other exciton breaking agents [34,119-123,35,124]. These papers have
revived the hope that cheap energy conversion using polymer cells may become a reality.
Large area flexible photodetectors useful for many applications can be fabricated. Dye
sensitized high efficiency solar cells have also been fabricated. We discuss the work on
these PV devices and identify the areas where more research is urgently required.

The technology used in manufacturing organic devices is simple and does not use ex-
pensive equipment. Organic solar cells are cost effective and can be fabricated on large
area and flexible substrate. Recently extensive work has been done on conducting or-
ganic solar cells and dye sensitized solar cells. The conducting organic semiconductors
are now challenging the dominance of the photovoltaic field by Si and other inorganic
semiconductors [125,126].

5.2. Solar Cells
5.2.1. SINGLE AND BILAYER SOLAR CELLS

A single layer solar cell is the simplest solar cell. It is essentially a Schottky diode
with a polymer layer sandwiched between two metal electrodes. Several groups have
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measured the /-V curves of dark and illuminated polymer Schottky diodes under both
the forward and reverse bias [127, and references given therein]. We discuss the dark
and illuminated characteristics of the ITO/PPV-MEH/Ca diodes. The reverse current in
the dark is small and the diode shows reasonable rectifying characteristics. The currents
become O at voltage V. = 1.4 eV. This value agrees approximately with the difference
in the work functions of ITO and Ca. In fact in better quality diodes the observed value of
Voc = 1.6 eV, which is in excellent agreement with the difference in the work function
values (see also [166]). Wei et al. [120] also fabricated diodes with Al and Cu cathodes.
In both cases the observed value of V. was equal to the difference of the work functions
of ITO and the cathode metal used. Since the difference in the work functions of ITO and
Cu is small, the dark and illuminated characteristics are nearly symmetrical with respect
to V = 0 axis and Vi, & 0. The conversion efficiency of the single layer cells was
low.

Several authors have investigated the bilayer solar cells in an effort to improve the
efficiency of the cells. In these solar cells the active layer consists of two (donor and
acceptor) layers with a planar junction. We discuss here recent work of Breeze et al.
[128]. These authors studied optical absorption of PBI, M3EHPPV and MgPc (shown
in Fig. 5.1) and characteristics of bilayer solar cells fabricated using these organics. The
authors studied ITO/M3EH-PPV/PBI/Au solar cells in detail. The short circuit current
was 1.96 mA /cm?, the open circuit voltage was 0.63 V, and the fill factor was 46%. They
also studied the cell fabricated by reversing the order of the polymer and perylene lay-
ers but keeping the same configuration of the electrodes. The performance deteriorated
considerably. Though the value of the open circuit voltage remained about the same,
the short circuit current decreased by a factor more than 3. The open circuit voltage is
more than the difference of the work functions of the electrodes. This shows that unlike
the single layer devices discussed in the beginning of this section, the open circuit volt-
age is not determined only by the work function values of the electrodes. Photocurrent
action spectra for ITO/PBI(20 nm)/M3EH-PPV(35 nm)/Au (circles) and ITO/M3EH-
PPV(44 nm)/PBI(24 nm)/Au (squares) are shown in Fig. 5.1(a). Both the polymer and
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F1G. 5.1. (a) Photocurrent action spectra for ITO/PBI(20 nm)/M3EH-PPV(35 nm)/Au (circles) and
ITO/M3EH-PPV(44 nm)/PBI(24 nm)/Au (squares) on the left-hand side axis. The absorption spectra of
M3EH-PPV (dashed line) and PBI (dotted line) are shown on the right-hand side axis for comparison. (b) Ab-
sorption spectra of M3EH-PPV (left curve), PBI (middle curve) and MgPc (right curve) [128].
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TABLE 5.1
VALUES OF OPEN CIRCUIT VOLTAGE V¢ (V), SHORT CIRCUIT CURRENT /¢ (MA/CMz), COLLECTION
EFFICIENCY 7¢ (%), CONVERSION EFFICIENCY 7 (%) AND FILL FACTOR (FF) OF THE POLYMER SOLAR
CELLS AND PHOTODIODES

Polymer Contact Voc Isc Ne n FF Ref.

PPEI Ag 0.23 - - - - [123]
PPEI Ag+ TPD 0.22 - - - - [123]
PBI/MgPc Au - - - 0.17 - [128]
PBI/M3EH-PPV Au 0.63 0.65 - - - [128]
M3EH-PPV/PBI Au 0.63 1.96 - 0.71 0.46 [128]
MEH-PPV:.CN-PPV Caor Al 1.2 0.08 5 0.9 - [34]

MEH-PPV:Cg Ca 0.43 1.8 26 2.5 0.65 [121]
MEH-PPV:.CN-PPV Caor Al 1.2 0.08 29 2.9 - [119]
MDMO-PPV:PCBM Al + LiF 0.834 - - 3.2 0.632 [124]
P3HT:PCBM Al + LiF - 8.5 70* 3.5 - [129]

In all cases included in the table, the contact layer on one side was ITO. The contact layer on the other side is
also given in the table.
* External quantum efficiency.

perylene PBI contribute to the photocurrent. Fig. 5.1(b) shows the absorption of M3EH-
PPV, PBI and MgPc. From the analysis of the spectra the authors concluded that the
exciton dissociation occurs only in regions very close to the interface. Note that the pho-
tocurrent peak of PBI(20 nm)/M3EH-PPV(35 nm) occurs at the absorption edge rather
than at the maximum. The performance of the solar cells is given in Table 5.1. As shown
in Table 5.1, the performance of solar cell fabricated using small molecule PBI and MgPc
was Very poor.

It is seen from Table 5.1 that the values of the conversion efficiency in bilayer so-
lar cells also is quite low. As mentioned in the introduction it is difficult to dissociate
excitons in the conducting polymers. The Donor/Acceptor (D/A) junction between the
polymer and the fullerene is rectifying and can be used for designing photovoltaic cells
or photodetectors. In this bilayer cell also the conversion efficiency is low. The cause of
the low efficiency is that the charge separation occurs only at the D/A interface that re-
sults low collection efficiency. The diffusion length of the exciton is a factor 10, lower
than the typical penetration depth of the photon.

5.2.2. INTERPENETRATING NETWORK OF DONOR—ACCEPTOR ORGANICS. BULK
HETEROJUNCTION SOLAR CELLS

The situation improved considerably when the active layer was formed by a network
of two (donor and acceptor) interpenetrating polymers or small molecules [34,119,121—
123,35]. For example Buckminsterfullerene Cgo mixed with MEH-PPV is very effective
in dissociating the exciton created by the incident light. Cgg acts as an acceptor and the
polymer, as a donor. The transfer of electron from MEH-PPYV to fullerene occurs because
fullerene has a larger electron affinity. The hole is left at the MEH-PPV because it has
small ionization potential. The exciton dissociation results in quenching of the PL by
factor up to 10* and in increasing the photoconductivity considerably. The transfer rate
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FI1G. 5.2. [-V characteristics of (a) an illuminated Si photodiode [120] and (b) of an ITO/Cg:MEH-PPV/Ca
solar cell [121]. Curve numbers and corresponding values of the concentration ratio R of fullerene:MEH-PPV
are given in figure (b). (c) Dark (curve 1) and illuminated (curve 2) [-V characteristics of an
ITO/Cgp:PS:Ooct-OPVS5/Al device with an active area of 0.24 cm? [127]. Note the difference in the electric
field dependence of the illuminated reverse bias current of the organic and Si diodes.

of electrons from the polymer to the Cgg is 1000 times faster than the decay rate of the
photoexcitations. The efficiency of transfer (electron/photon) is close to unity. If the active
layer of a solar cell consists of such a network, the cell is known as a Bulk Heterojunction
Solar Cell (BHSC). The effect of composition of the BHSCs on their characteristics is
shown in Fig. 5.2. Fig. 5.2(b) shows that the performance of the cell improves rapidly as
the concentration of the Cg( increases.

We show the measured J—V curves of a Si solar cell also in Fig. 5.2(a). As expected,
the reverse bias current of the illuminated Si solar cell is independent of the applied volt-
age. The behavior of the organic solar cells shown in Figs. 5.2(b) and 5.2(c) is strikingly
different. The current increases strongly with the applied reverse bias. Two models have
been suggested to interpret these observations. In the first model it is suggested that the
effective mobility increases with the applied bias, an effect that is absent in the Si solar
cell. However since the free carrier density is very large under illumination and all the
traps are likely to be filled, we do not think that the mobility can be a strong function of
the applied bias [127]. In the second model, the applied bias increases the dissociation
of excitons and therefore the number of free carriers. The increase of dissociation of the
excitons by the electric field should suppress the PL intensity. Kersting has confirmed this
experimentally as shown in Fig. 5.3.

Yu and Heeger [34] and Halls et al. [122] used the two polymers, CN-PPV and MEH-
PPV, to form the interpenetrating network of the active layer. Both polymers are soluble in
chloroform and samples can be easily prepared by spin coating. The PPVs are good hole
transporting materials and are widely used in the electronic devices. By adding the CN
side groups, the ionization potential and electron affinity increase by about 0.5 eV. This
improves the electron injection and transport properties of the polymer. Electron affinity
and turn-on voltage of CN-PPV is larger than the corresponding quantities of the MEH-
PPV. Electrons are transferred from MEH-PPV to CN-PPV and holes are transferred from
CN-PPV to MEH-PPV.

The mixture of the two polymers tends to segregate due to low entropy of mixing. The
phase segregation has been confirmed by TEM, STEM and PEELS (parallel electron-
energy-loss spectra). Care must be taken to prepare the samples of acceptable structure.
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FI1G. 5.3. The observed decrease of PL intensity by the applied electric field. The decrease occurs because of
the dissociation of excitons by the electric field. We have reported Kersting’s data [29] in a different format.
The photocurrent /) increases rapidly.

The absorption spectra [34] of the MEH-PPV, CN-PPV and of the mixed layer con-
sisting of penetrating network of the two polymers are shown in Fig. 5.4. The absorption
spectra show that there are no peaks below the absorption edge. There are no states in the
bandgap and there is no charge transfer from the donor polymer to the acceptor polymer.
The difference in the electro-negativity is not sufficiently large for the charge transfer
doping. However it is seen from Fig. 5.4 that the PL of the mixed layer is quenched,
confirming that the charge transfer between MEH-PPV (donor) and CN-PPV (accep-
tor) has taken place under the action of the incident light. Strong quenching of the PL
has also been observed by Halls et al. [122] and by Yoshino et al. [35]. The photore-
sponse increases considerably as a result of this quenching. In these experiments the PL
is quenched by a factor from 15 to 25. These results suggest that the blend of these two
PPVs is suitable for fabricating BHSCs.

The dark and the photocurrents of the Ca/MEH-PPV:CN-PPV/ITO solar cells are
shown in Figs. 5.5(a) and 5.5(b). The collection efficiency (electron/photon) was 5% and
conversion efficiency was 0.9%. The efficiencies are 20 times larger than the MEH-PPV
cell and 100 times larger than the CN-PPV cell. The photosensitivity increases consid-
erably under reverse bias, to ~0.3 A/W and 80% electron/photon at —10 V. The open
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FI1G. 5.4. (a) Absorption and (b) photoluminescence spectra from polymer films. The dashed line is for
MEH-PPYV, the dotted line is for CN-PPV and the solid line is for CN-PPV:MEH-PPV in 1:1 ratio [34].
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FI1G. 5.5. (a) Dark current, (b) photocurrent under 430 nm 20 mW/cm2 light illumination. (c) The electrolu-
minescence efficiency. The solid circles are for the Ca/MEH-PPV:CN-PPV/ITO device and the open circles are
for the Ca/MEH-PPV/ITO device [34].

circuit voltage was 1.6 V for the pure MEH-PPV cell and it decreased to 1.25 V for the
composite cell. The dark and photocurrents of the cells fabricated by Halls et al. [122]
showed similar behavior. The dark currents showed a rectification ratio of 103 at +3.5 V.
Open circuit voltage was 0.6 V and short circuit current has a quantum efficiency of 6%.
It increased to 15% for a reverse bias of 3.5 V and 40% at a reverse bias of 10 V. The val-
ues were even higher under forward bias. Fig. 5.5(c) shows the quenching of EL, a result
consistent with that obtained by Halls et al. [122].

Yoshino et al. [35] fabricated two structures. In one structure D and A layers were
OOPPYV and Cgp and the middle layer was OEP. In the second structure there was only one
active layer consisting of the mixture of CN-PPV and PAT6. The electrodes were Al and
ITO deposited on a glass substrate. Some structures were made on quartz substrates also.
The absorption spectrum of the 60 nm OEP layer is shown in Fig. 5.6. The absorption
spectra of the two layered [OOPPV (120 nm)/Cgo(10 nm)] and the three layered struc-
ture [OOPPV (120 nm)/OEP(50 nm)/Cgp(50 nm)] are also shown. The multilayers show
strong absorption in the short wavelength region. The PL efficiency of CNPPV:PAT6 and
CN:PPV:PDPA-TPSi blends were measured. In both cases the efficiency decreased con-
siderably in the mixture. Gregg [123] found similar quenching of the PL in the PPEI
layers if a thin TPD layer is inserted between the PPEI and the ITO. The TPD solution
was spin coated onto the ITO film. The structures of the polymers used in Ref. [35] are
shown in Fig. 5.7. Solar cells using the blend structure were made. Typical value of the
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FIG. 5.6. Absorption spectra of the 60 nm OEP middle layer, the OOPPV/OEP/Cg( composite layer, and the
OOPPV/Cg layer [35].

open circuit voltage was 1.7 eV. The typical bandgap values are 2 eV and therefore the
open circuit voltage is determined by the asymmetry of the contact electrodes [35].

PCBM (Cg;-Butyric Ester) has been studied extensively. Recently a lot of work
has been done on bulk heterojunction solar cells fabricated using PCBM and polymer
acceptor—donor pairs [124,129, and references given therein]. Thin layer of LiF inserted
between the cathode and the active layer has proved very useful in improving the per-
formance of the organic LEDs. Brabec et al. [124] have studied the effect of inserting a
thin (<15 A) LiF layer between the Al electrode and the active layer of the BHSC. The
active layer was formed using the MDMO-PPV/PCBM BH junction layer. The insertion
of thin LiF layer increased the short circuit current and the Fill Factor significantly. To
investigate whether the effect was due to the insulating nature of LiF, the authors fabri-
cated and studied BHSCs with SiO; layer instead of the LiF layer. The improvement was
not observed with the oxide layer. The authors concluded that the LiF layer lowers the
work function of the electrode. They have discussed possible mechanisms of this reduc-
tion. A high conversion efficiency of 3.2% was obtained on inserting the LiF layer (see
Table 5.1).

A very high efficiency, 3.5%, has been reported by Padinger et al. [129]. Padinger et al.
[129] fabricated BHSCs using P3HT and PCBM as donor—acceptor pairs. The chemical
structure of P3HT is shown in Fig. 5.8 and that of PCBM is shown later. They improved
the performance of the solar cells by using a high temperature tempering cycle and si-
multaneously applying an external voltage. There was considerable improvement in the
short circuit current, open circuit voltage and external quantum efficiency (see Table 5.1).
The highest efficiency reported so far is 5% [130]. At these efficiencies the cells are cost
effective and can be manufactured commercially. However long term stability continues
to be a problem. Some work on accelerated testing has been done. At 85 °C the efficiency
decreases by 20% in 600 h [130].

Kymakis et al. [131] have fabricated the BHSCs using carbon Single Wall Nanotubes
(SWNTs) and P30T polymer. TEM investigations show that SWNT powder contains
1.4 nm diameter tubes self-organized into bundle-like crystallites. Absorption spectra of
the P3OT-SWNTs alloys were measured with different concentrations of the nanotubes.
For low concentrations of the nanotubes there is not much change in the absorption spec-
trum. This indicates that there is no significant interaction between the two materials and



102 Conducting Organic Materials and Devices

S0 H
L g a

X N /X
|

polythiophene (PT) polypyrrole (PPy)

(O OO

polyaniline (PANI): leucoemeraldine
(y =1), emeraldine (y =0.5) and
pernigraniline (y = 0);z =1-y .

1O 1,

poly(para -phenylene) poly(para -pyridine)

on,fo)

poly(para -phenylene vinylene) poly(para -pyridiyl vinylene)
(PPV)

jog

poly(1.6-heptadiyne)

OEP PDPA-TPSi
\ 7\ ))
X s /X
OC8H17

OOPPV PAT-12
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FIG. 5.8. Chemical structure of poly(3-hexyl thiophene) P3HT [129].

no charge transfer takes place in the ground state. From the absorption edge of the sam-
ples with low nanotube concentration a value of 2.4 eV for the band gap of P30T was
derived. There is an increase in absorbance at low and high energies due to the metallic
nature of the nanotubes. The decrease in absorbance at the peak in the high nanotube
concentration samples is observed due to the reduced volume of the P3OT.

The conductivity of the alloys as a function of nanotube concentration is shown in
Fig. 5.9. P30T is an insulator with a conductivity 1078 S/m. The conductivity increases
monotonically with nanotube concentration. However the rate of increase is relatively
small at low concentrations. It increases dramatically above 12% concentration. Above
this concentration the nanotubes are close enough so that percolation becomes possible.
The fit of the percolation theory is shown by the solid line.
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FIG. 5.9. Electrical conductivity variation versus weight fraction of SWNTs in the blend (filled circles). The
percolation threshold is found to be 11%. The solid line is the fit of the percolation model [132].
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FIG. 5.10. Left: Chemical structures of P30T, SWNTs and device architecture of the photovoltaic cell [131].

A schematic diagram of the BHSC and structure of P30T and SWNT are shown in
Fig. 5.10. The concentration of SWNT was 1%. The films were prepared by the drop
and spin coating on ITO coated quartz substrate. The other electrode was Al deposited
by thermal evaporation. The characteristics of the devices were measured in the dark
and under illumination by the light equivalent of 1.5 AM solar spectrum. The current is
considerably higher in the forward bias than in the reverse bias, which suggests that the
devices are good quality rectifying diodes. The illuminated characteristics show that the
short circuit current increases considerably in the alloy devices. The short circuit current
density was 0.12 mA/cm? and the open circuit voltage was 0.75 V. The corresponding
quantities in the pristine P30T device were 0.7 uA/cm? and 0.35 V. Here the empha-
sis is on the improvement in the BHSC and not on the actual performance. The actual
performance will certainly improve with improvement in the technology.

5.3. Source of V,. in BHSCs
5.3.1. EFFECT OF ACCEPTOR STRENGTH [133]

Until recently it was not clear whether the V. of the polymer:fullerene BHSCs is de-
termined by the work function difference of the electrodes or by the internal junctions
of the two constituent materials. Brabec et al. [133] synthesized a series of highly solu-
ble fullerene derivatives with varying acceptor strengths (i.e., first reduction potentials).
These fullerene derivatives, methanofullerene PCBM, a new azafulleroid and a ketolac-
tam quasifullerene are shown in Fig. 5.11. Redox behavior of all the four acceptors was
studied using cyclic voltammetery. Solubilizing groups have comparable sizes. Effects
due to different donor—acceptor distances, and/or different morphologies, are minimized.
The electron acceptor strength of the compounds is different. Ketolactam 6 (£0.53 V)
appeared to be a substantially better electron acceptor than Cgg (£0.60 V), whereas aza-
fulleroid 5 (£0.67 V) is close to Cgp, and PCBM (£0.69 V) showed a clearly diminished
electron affinity. A difference of 160 mV is observed between the strongest and the weak-
est acceptor.

Thin film BHSCs were fabricated [133] with MDMO-PPV/fullerene-derivatives. The
active layers were about 100 nm thick. The authors also fabricated cells with fullerene
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FIG. 5.11. Chemical structures of the investigated compounds [133].
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FI1G. 5.12. (a) Vo versus acceptor strength and (b) Vo versus negative electrode work function. The S and
S» are the slopes of the linear fits to the data [133].

(Cepn) for comparison. For the three acceptors presented, a relatively narrow distribu-
tion of the open circuit voltage was observed, indicating excellent reproducibility: Four
metals with different work functions W [Ca (W = 2.87 eV), Al (W = 4.28 eV),
Ag (W = 4.26 eV), and Au (W = 5.1 eV)] were used as the negative electrodes. A
total variation of less than 200 mV of the V,,o was observed for a variation of the negative
electrode work function by more than 2.2 eV. This shows that the open circuit voltage
depends weakly on the electrode work function. The measured V. in the cells fabricated
with the three different derivatives are shown in Fig. 5.12. This figure shows that the Vi,
is strongly dependent on the derivative used. The authors [133] concluded that the Vi
depends mainly on the internal bulk heterojunction.

5.3.2. MORE RECENT WORK [134,135]

Mihailetchi [134] investigated the open circuit voltage of the bulk heterojunction
organic solar cells based on methanol-fullerene [6,6]-phenyl C61-butyric acid methyl
ester (PCBM) as electron acceptor and poly[2-methoxy-5(3’,7’-dimethyloctyloxy)-p-
phenylene vinylene] (OCC1o-PPV) as an electron donor. It is known that a single layer
device follows the MIM model [166] and the open circuit voltage Vi is equal to the dif-
ference in the work functions of the metal electrodes [134]. If charges accumulate in the
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FI1G. 5.13. Schematic variation of Voc with acceptor strength (solid double headed arrow, V1) or/and elec-
trode work function (dotted arrow, V,¢»), in a donor/acceptor BHJ solar cell. The electron transfer, occurring at
the donor/acceptor interface after light excitation, is indicated by the bent arrow [134].

organic layer and the metal electrode, they diffuse away. A drift current is created to bal-
ance this diffusion. The resulting field produces a voltage drop, which is subtracted from
the work function difference to obtain the observable open circuit voltage. The positive
electrode was a ITO coated glass and four different materials, LiF:Al, Ag, Au, and Pd,
were used for cathodes. The V,. was different in each case, it being minimum for Pd and
maximum for LiF:Al. This result is in direct contradiction of the result of Brabec [133]
discussed earlier.

If the electrodes match the lowest unoccupied molecular orbital (LUMO) of the ac-
ceptor and the highest occupied (HOMO) level of the donor, respectively, the contacts
can be regarded as ohmic. The maximum V, for this case is schematically indicated by
Voc1 in Fig. 5.13 and is thus controlled by the bulk active layer material properties. Non-
ohmic contacts, as shown in Fig. 5.13, a V,,c with magnitude V,, should be observed,
according to the MIM model. However if the Fermi level of the contact metal is pinned
at the LUMO and of the anode with the HOMO, the observed V,,. by the properties of the
acceptor and the donor and will become insensitive to the work function difference of the
electrodes.

Ramsdale et al. [135] have investigated the open circuit voltage of a bilayer solar
cell. The electron-accepting polymer used was poly 9,9’-dioctyl-fluoreneco-benzothia-
diazole) (F8BT) and the hole-accepting polymer was poly-(9,9’,dioctylfluorene-co-
bis-N,N’-(4-butylphenyl)-bis-N,N’-phenyl-1,4-phenylenediamine) (PFB) (see Fig. 5.14).
The anode was ITO coated glass in all cases. Five different cathodes shown in Table 5.2
were used. Illuminated characteristics were measured with the light of 459 nm wave-
length and intensity of incident light was 0.7 mW/cm?”. The work-function difference of
the two electrodes is compared with the measured V. in Table 5.2.

Table 5.2 compares the measured open-circuit voltages with the difference in the work
functions (A¢) of the electrodes. The table shows that with the exception of calcium,
the open-circuit voltage increases linearly with the work function difference. However
there is an additional constant 1 V contribution to the open-circuit voltage that cannot
be accounted for by the difference in work functions. Calcium work function is smaller
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FIG. 5.14. Chemical structures of F8BT and PFB [135].

TABLE 5.2
WORK FUNCTIONS ¢ OF THE ANODES AND CATHODES USED AND THE COMPARISON BETWEEN WORK
FUNCTION DIFFERENCE (A¢) AND OPEN CIRCUIT VOLTAGE (Vo) [135]

Anode Cathode Pcathode (€V) A¢ (eV) Voc (V) Voc — A¢ (V)
ITO gold 5.1 -0.3 0.7 1.0

ITO copper 4.65 0.15 1.15 1.0

ITO chromium 4.5 0.3 1.35 1.05

ITO aluminum 4.3 0.5 1.5 1.0

ITO calcium 2.9 1.9 1.5 —-0.4

The work function of ITO was taken to be 4.8 eV.

than the electron affinity of FS§BT, leading to charge transfer at the interface, and pinning
of the electrode work function close to the energy of the LUMO of the polymer. The
excitons dissociate and the carriers are created near the interface. Due to concentration
gradient they diffuse away from the interface. Since net current must be zero at every
point in the open circuit configuration, an electric field is created which gives rise to a
drift current to balance the diffusion current. The electric field produces a voltage within
the active layer, which accounts for the additional voltage given in Table 5.2. However
a strong dependence of the open circuit voltage on the work function of the electrodes
remains.

5.4. Optimum PCBM Concentration

Van Duren et al. [136] made extensive investigations of the morphology of PCBM
and MDMO-PPV using TEM and AFM techniques. To study the morphology at differ-
ent depths, a deuterated derivative of PCBM (d5-PCBM) was used. The structure of the
chemicals used are shown in Fig. 5.15. AFM, TEM and dynamic SIMS techniques were
used. Deuterium labeling of PCBM (d5-PCBM) combined with dynamic SIMS gives
morphology at different depths [136]. AFM results are shown in Fig. 5.16. The thickness
of the films was ~100 nm. AFM heights and corresponding phase images are shown for
four compositions. Several other compositions were studied but the results for the other
compositions are not shown in the figure. The surfaces are extremely smooth for PCBM
concentration smaller than 50%. The heights (maximum peak to valley roughness) were
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FIG. 5.15. Molecular structure of MDMO-PPV, PCBM and d5-PCBM [136].

3 nm and root mean square (RMS) values were 0.4 nm for 2 pm x 2 ym area films. As the
PCBM concentration increases from 67 to 90%, surface roughness increases rapidly. The
values of the height increase from 3 to 22 nm and the RMS values from 0.4 to 3.3 nm.
Simultaneously a reproducible phase contrast appears. Separate domains of one phase in
a matrix of another phase can be recognized. The domain size increased from 40-65 nm
for 67% PCBM to 110-300 nm for 90% PCBM. The domain size depended on the thick-
ness of the films. For 80% PCBM, the domain size was 60—80 nm for 65 nm films and
it was 100-120 nm for 270 nm films. The main result of AFM studies that below 50%
PCBM concentration, the PCBM is distributed molecularly or as very tiny particles in the
MDMO-PPV matrix and above 67% phase separation of PCBM takes place on nanoscale
is very fully confirmed in depth by dynamic SIMS measurements.

TEM results are shown in Fig. 5.17. Though the TEM measurements were made for
several concentrations in the range 0—100% PCBM, TEM pictures only at four composi-
tions are shown in the figure. AFM shows the structure at the surface whereas the TEM
reveals the structure in the bulk of the sample. TEM results are in complete agreement
with the AFM results. Phase separation occurs above 67% PCBM and increases as the
PCBM concentration increases further. Below 50% PCBM the PCBM and MDMO-PPV
form homogeneous mixture.

Optical measurements showed that a small concentration of 2% is effective in quench-
ing the PL. of MDMO but a high concentration of more than 67% is required to increase
the photoconductivity or the short circuit current of a BHJSC. The solar cells efficiency
measurements show that the optimum PCBM concentration is 80%. See next section.

5.4.1. SUPERPOSITION PRINCIPLE

The superposition principle has been discussed by several authors [137-139] and has
been reviewed by Jain [140]. The differential equations describing the charge densities
and currents in the solar cell are linear and can be superposed. The superposition leads to
the result,

I(V) = 1a(V) — Is. (6.1
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FI1G. 5.16. AFM height (a to d) and simultaneously taken phase (e to h) images of the MDMO-PPV/PCBM
composite films of 90 (a, e), 80 (b, f), 67 (c, g), and 50 wt% PCBM (d, h). The height bar (maximum
peak-to-valley) represents 20 nm (a), 10 nm (b), 3 nm (c), and 3 nm (d). The size of the images is 2 pm x 2 um

[136].
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Fi1G. 5.17. TEM images of MDMO-PPV/PCBM blends with different weight percentages of PCBM as indi-
cated on the upper right corner [136].

In the open circuit configuration (V) = 0 and I43(V) = [4(Voc) = lpexp(qgVoc/kT).
‘We obtain,
kT I
Voe = — In =< (5.2)
g D
Here I is the dark saturation current. Egs. (5.1) and (5.2) are valid under the following
assumptions [139].

1. Series and shunt resistances are negligible.

2. There is no contribution from the space charge layer to the dark or the short circuit

current.

There are no trapping centers.

High injection conditions do not prevail.

5. Material parameters (e.g. mobility ) and electric field distribution do not change
under illumination.

> w

Experiments show that in high quality Si solar cells the superposition principle is valid
to a good approximation. In CdS/Cu,S, amorphous Si [139] and in polymer solar cells
some of these approximations are grossly violated. As an example consider the effect of
series resistance. In the presence of the series resistance R the dark current is given by,

J(V) = Jq [exp(%) - 1] — Jse. (5.3)

The value of J in the exponent is different in the dark and in the illuminated situations.
This invalidates the superposition principle. It can be easily demonstrated that shunt resis-
tance will also invalidate the superposition principle. Under high intensity of illumination
material parameters can change and also due to the different mobilities of electrons and
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FI1G. 5.18. Variation of dark and illuminated current with voltage for ITO/PEDOT/MEH-PPV:PCBM/Al
blends for different concentrations of PCBM. The contacts were ITO and Al [43].

holes, an electric field is created. To make corrections for these effects in the superposi-
tion principle for polymer cells is extremely difficult.

The dark and illuminated characteristics of the PCBM:PPV solar cells for different
concentrations of PCBM are shown in Fig. 5.18. It can be seen that the dark character-
istics are not described by Shockley type equation. Forward illuminated 7 (V) curves are
strongly dependent on the applied voltage. Under reverse bias the illuminated current is
not so sensitive to the voltage.

The short circuit current /s and the open circuit voltage V. are shown in Fig. 5.19. It
is seen that the short circuit current is strong function of the composition. The open cir-
cuit voltage is also dependent on PCBM concentration. It is difficult to conclude whether
or not open circuit voltage is entirely dependent on bulk heterojunctions. The open circuit
voltage depends on short circuit current and also on dark saturation current. The depen-
dence of dark saturation current on PCBM concentration is not known. It is clear from
the figure that the optimum PCBM concentration is 80% where the short circuit current
is maximum.

We have used a simplified approach to check whether the superposition principle is
approximately valid. We apply Eq. (5.1) directly to the experimental results obtained
with the solar cells. We choose three values of the voltage, V = Vo, V. = V, (V} is
the voltage at the maximum power point) and V = 0.25V,,.. We read Ij and I, for each
voltage from Fig. 5.18. We do this for each composition. We then plot §1 = Ig — Iy
versus composition. We also plot 7 (V) read from Fig. 5.18. The difference of §/ from
I(V) is a measure of the deviation from the superposition principle. For open circuit
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FIG. 5.20. Plot of §V as a function of PCBM concentration [43].

configuration this result can also be expressed as [43]:
kT I
V=—Ihh———.
q Ia(V = Voc)
If superposition principle is valid, 8V is zero. Therefore the value of §V is a measure of

the deviation from the superposition principle. The plot of Eq. (5.4) is shown in Fig. 5.20.
The values of §V are small and the discrepancy is not very large.

(5.4)

5.5. Modeling the Output Characteristics
5.5.1. THE OUTPUT CURRENTS

The dark and illuminated J—V curves of the solar cells for different PCBM concen-
trations are plotted in Fig. 5.21. Measurements for 30% and 60% PCBM were also made
but they are not shown as they fit with the general trends shown by the curves for other
concentrations. The features of the J—V curves in Fig. 5.21 are mentioned below. (1) For
larger voltages the dark currents are space charge limited currents. The shape of the dark
currents, particularly the points of inflexion, are characteristics of the space charge limited
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Fi1G. 5.21. Top figure: The experimental plots of dark and illuminated J—V characteristics of a typical
MDMO-PPV/PCBM solar cell for different concentrations of PCBM. The currents are plotted on the log scale.
Curves 1 are for dark currents and curves 2 are for illuminated currents. The open circles show the dark currents
needed to make the output current zero at the open circuit voltage. Bottom figure: The current densities are
plotted on the linear scale for two PCBM concentrations. Curves 1 are for dark currents and curves 2 are for

illuminated currents.
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Fi1G. 5.22. Experimental plots of /-V characteristics of a typical MDMO-PPV/PCBM bulk heterojunction
solar cell with a LiF/Au electrode [124].

currents [43,41,46]. In the small voltage range the currents are either the leakage currents
or the ohmic currents due to background doping. (2) The shapes of the illuminated curves
do not resemble to that of the dark currents. For small concentrations of PCBM the reverse
illuminated current increases with the applied negative bias. For high PCBM concentra-
tions the reverse illuminated characteristic becomes practically flat. The increase is most
probably due to field enhanced dissociation of the excitons since it does not occur at
larger PCBM concentrations. (3) An important feature of the curves in Fig. 5.21 is that
at higher forward voltages the dark and illuminated currents do not differ by appreciable
amounts. In fact in many samples the dark current intersects the illuminated current and
becomes smaller than the illuminated current (see the linear plots for 0 and 60% PCBM
at the bottom of the figure). This suggests that on applying forward bias the nature and
magnitude of the dark current change significantly under illumination. (4) At open circuit
voltage the dark current must always be equal to the short circuit current. We have shown
the value of the dark current expected from this criterion by the large open circles. It is
seen that under illumination the measured dark current is smaller than its expected value
by a factor between 5 and 10.

Brabec and coworkers have made extensive measurements of the dark and illuminated
currents of MDMO-PPV/PCBM BHSCs [124,141]. The experimental results for the BH-
SCs from their paper [124] are shown in Fig. 5.22. There are points of inflexion in the
dark current of the organic solar cell confirming that the dark current is the space charge
limited currents. These features, particularly the points of inflexion, are absent in the
illuminated characteristics. At larger voltages the forward dark current intersects the illu-
minated current and the illuminated current becomes larger than the dark current.

In 1995 Yu et al. reported J—V characteristics of a BHSC (layer structure Ca/MEH-
PPV:PCBM/ITO) device in their classical papers [119]. Dark forward current had the
usual shape with a point of inflexion characteristic of the space charge limited currents.
However the dark forward current was smaller than the illuminated curve at all voltages.
The result is not acceptable, for if this were true the observed illuminated current should
have flown in the opposite direction, i.e. it should have been negative like the short circuit
current. In their paper in Science [119] Yu et al. observed similar discrepancy in the single
layer organic solar cells also.
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Yoo et al. [142] fabricated organic solar cells based on bilayer heterojunctions of
pentacene and Cgo. The external quantum efficiency of the device was high because
of large diffusion length of the exciton in pentacene and because of the efficient dis-
sociation of the excitons at the heterojunctions. The dark and illuminated characteris-
tics of the cells were plotted. Here also the dark and illuminated curves cross. Since
this paper is not on BHSCs, it shows that the peculiar features of the /-V plots we
have discussed are the general features of the organic solar cells and are not limited
to the bulk heterojunction structure of the BHSCs. Pfeiffer et al. [143] have plotted in
their Fig. 9 the observed characteristic of heterojunction between highly doped zinc-
pathalocyanine (ZnPc) (30 mol% tetrafluoro-tetracyano-quinodimethane (F4-TCNQ))
and N,N’-dimethyle-3,4;9,10-tetracarboxilic-diimide (MePTCDI) in the dark and under
white illumination, measured in-situ in high vacuum at room temperature. Crossing of
the dark and illuminated currents at a rather small voltage is clearly seen. Several other
workers [144,145] have obtained similar results. In fact we did not find any paper where
the dark current continues to be sufficiently larger than the illuminated current at higher
voltages.

To summarize this section, we can say that the measurements made by us and by many
other groups appear to be inconsistent with general physical concepts. Though this behav-
ior has been observed in solar cells fabricated with different organic materials and with
different structures, the polymer scientists have not discussed reasons for this behavior.

5.5.2. THE MODEL

Earlier we have modeled the dark forward characteristics of the BHSCs and other or-
ganic solar cells using the theory based on space charge limited currents (SCLC) [1,3].
We were not successful in modeling the illuminated characteristics of the cells using the
SCLC theory. We present a model, which allows the interpretation of the output char-
acteristics of the illuminated organic solar cell. In our earlier work [40] we have shown
theoretically and experimentally that if there are free carriers due to back ground dop-
ing and if the injected carrier density is smaller than the doping induced carrier density,
the space charge limited currents do not exist. We [30] have shown that a similar situa-
tion arises in an illuminated organic solar cell. At one sun illumination the light induced
carriers are larger in concentration than the injected carrier density over most of the re-
gion. Due to large free carrier density all the traps are filled and do not play a significant
role in the transport of carriers. Therefore the forward current due to a voltage existing
on the junction (under illumination) is quite different from the measured dark current.
It is not the measured dark current but the current calculated using Shockley equation
J = C{exp(q[V — AJRs]/nkT) — 1} where A is the area which is more relevant.

A dark forward current Iy flows in the cell if a voltage is applied to the junction. To
avoid confusion and for the sake of clarity we will call this current a junction current J;
measured in the dark, i.e. Ig = [j(dark). This ‘dark current’ continues to flow even if
the cell is illuminated. The only requirement for the current to flow is that there should
be a voltage at the junction. We designate this current measured under illumination as
I;(illumination). We need to introduce this notation because unlike in Si solar cells, in
organic solar cells Iy = Ij(dark) is not equal to [j(illumination). The junction current
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density of a Si solar cell measured in the dark is given by the diode equation [45],
Ji(dark) = Jo[exp(q[V — JjARs1/nkT) — 1] 4+ (V — JjAR,)/R,,. (5.5)

Here Jy is the dark saturation current density, R is the series resistance, A is the area
and Ry, is the shunt resistance. When a voltage V exists on the junction, the output cur-
rent of the illuminated solar cell has two components, (1) the junction current density
Ji(illumination) due to injection of carriers and (2) the short circuit current density Jsc
due to light generated carriers. Therefore the output current density Jjy of the illuminated
solar cell is given by,

Jiv = Jj(illumination) — Jc, (5.6)

where
Jj(illumination) = Jy [exp(q[V — JjARS]/nkT)].

The negative sign on the right-hand side of (5.6) indicates that the light generated current
flows in a direction opposite to that of the junction current. For a good Si solar cell
Ji(illumination) = Jj(dark). This gives the well-known superposition principle implicit
in Eq. (5.6). For an organic solar cell the junction current density Jj(dark) is space charge
limited and is given by,

Ji(dark) = SCLC, (5.7)

where SCLC indicates a space charge limited current. The SCLC varies as V2 in a trap-
free insulator and in a more complex manner if traps are important.

In the case of good quality Si solar cell the superposition principle holds. Eq. (5.6)
remains valid with the value Jj(illumination) = Jj(dark) and the value of Js. measured at
0 voltage remains valid at other voltages. It is not likely to be the case for the organic solar
cells. The Jj(dark) will change on illumination to J;(illumination) and Js. may change on
the application of the voltage. The changes must be large to make J; > Jiy and to make
the separation between Jjy and Jj(illumination) = Js. Earlier work on polymer solar
cells [124] and on amorphous solar cells [146,147] suggests that the modification in the
short circuit current by the light cannot be very large. In amorphous solar cells the nature
and magnitude of the junction current can change drastically on illumination [146,147].

Our model is based on these observations; it is simple and capable of interpreting all
known experiments. The model assumes that the space charge in the illuminated organic
solar cell is cancelled by the relaxation of the large density of light induced free carriers;
much in the same way as the majority carriers cancel the space charge due to injected
minority carriers in a Si p—n junction diode. The junction current is now determined by
diffusion and recombination and can be described by the diode equation, Eq. (5.5). The
space charge limited dark current shown by curves 1 in Fig. 5.21 changes to exponential
form, Eq. (5.5), under illumination. The ‘dark junction current’ in organic solar cells
measured in the dark, Eq. (5.7), has no practical significance because the solar cells in
use are always under illumination. The /-V characteristics of the illuminated organic
solar cell are calculated using Egs. (5.5) and (5.6). The theory of illuminated organic
solar cell now becomes similar to the theory of a Si solar cell.

The fit of the model to the experimental data of Fig. 5.21 for 80% PCBM, is shown
in Fig. 5.23. The values of the parameters used are given below the figure. We found
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F1G. 5.23. Fitting of the model with experimental results for three different sets of parameters.

that the best fit requires n = 4. Though values of n greater than 2 have been reported in
the literature [148], a value n = 4 appears rather large, particularly since most traps are
likely to be filled under illumination. We found that acceptable fits can be obtained for
smaller values of n as shown in Figs. 5.21(b) and 5.21(c). The good fit with the model
can be obtained for different sets of parameters. Similar plots were obtained with other
concentrations of PCBM. We have compared our model with experimental data obtained
with several organic solar cells fabricated by other groups and found good agreement
between the model and the experiments. Again we could fit each data with more than one
set of parameters. This weakness of the model can be removed only when more reliable
values of the material parameters become available.

In conclusion we have shown that the junction current of an organic solar cell mea-
sured in the dark cannot be used to interpret data obtained with illuminated solar cells.
The current changes from SCLC to diffusion and recombination current when the cell is
illuminated. This has allowed us to provide a physical basis for the use of a model, which
uses the diode equation for the illuminated solar cells. The model is very successful in
interpreting the output characteristics of the illuminated organic solar cells by Brabec and
confirmed by us. The true junction ‘dark current’ (diffusion and recombination current)
determined by us remains more than the output current of the illuminated solar cell. Now
the two currents do not intersect. This also explains why points of inflexion observed in
the current measured in the dark disappear in the output current of the illuminated cell.

5.6. Comparison with Other Solar Cells
5.6.1. AMORPHOUS ST SOLAR CELLS

Han et al. [147] were interested in determining the built in potential in a-Si:H p-i-n
solar cells. They measured extensively the /—V characteristics of dark and illuminated
solar cells. The dark characteristics are shown in Fig. 5.24(a). The symbols are the exper-
imental data and the solid lines are the fits of SCLC theory. The theory agrees with the
experimental data well except for small voltages. As discussed earlier the discrepancy
at small voltages is either due to background doping or due to leakage currents. Since
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FI1G. 5.24. (a) Fit of SCLC theory to the experimental data. The deviation at small voltages is due to back
ground doping [147]. (b) Agreement of experimental data with Eq. (5.8) [147].

SCLC is bulk control in these materials, it can not yield any information about the built-
in voltage at the contact or at the junction. Han et al. [147] showed that the illuminated
characteristics closely obey Eq. (5.8) as shown in Fig. 5.24(b).

Voo = — | In{ ==} |. (5.8)
q Jo

Eq. (5.8) is derived from Eq. (5.6) by using V = V,. and Jiy, = 0. Eq. (5.6) is based
on the principle of superposition and its derivation uses Eq. (5.5). Validity of Eq. (5.8)
implies that the junction current (the so called dark current) under illumination is given
by Eq. (5.5), a result used above by us for the organic solar cells.

Hegedus et al. [146] also measured the /-V curves of amorphous Si p-i-n solar cells at
different temperatures. The curves in the dark and also under illumination are shown in
Fig. 5.25. The I-V curves under illumination obey Eq. (5.8) in this case also. The built
in voltage calculated from the illuminated curves was satisfactory. Hegedus et al. [146]
took small portion of the dark /—V curves which could be represented by an equation of
the type (5.5). They then attempted to derive the built in voltage using this dark current as
Shockley currents. They obtained very strange results. Hegedus et al. [146] wrote: “Our
results also clearly demonstrate that it is completely inappropriate to analyze J (V') data
measured in the dark on a-Si p-i-n devices and then attempt to correlate the results with
photovoltaic performance. . .. Measurements in the dark are not applicable to understand-
ing illuminated photovoltaic performance.” It can be easily concluded from this work
[146] that on illumination the SCLC changes to Shockley’s diffusion current.
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5.6.2. POLYCRYSTALLINE SI SOLAR CELLS

The grain boundaries in poly-Si have a very large effect on most physical properties.
Here we will investigate the effect of the light on the dark current. There are two major
effects:

(1) In a certain range of doping, the grain boundary increases the resistance by several
orders of magnitude. The dark current now becomes space charge limited. Under illumi-
nation the space charge is eliminated and the current changes from being space charge
limited to Shockley type diffusion current.

(2) The grain boundaries reduce the life time and diffusion length of the minority car-
riers. The reduction is very sensitive to the illumination. Under illumination the barrier
height at the grain boundaries decreases and the diffusion length increases. Since the dif-
fusion length occurs in the denominator of the expressions for the dark current, the dark
current decreases significantly. This increases the open circuit voltage and the fill fac-
tor of the solar cell. In addition to the normal increase of the efficiency in concentrated
light, this is an additional effect in poly-Si. Our calculations show that this effect is quite
significant.

The increase in resistance can be calculated. The grain boundary barrier height in the
dark is given by [149],

‘ZNtzs 1 ’
¢g0 = ; ni : (5.9)
8eN J 1+ 7 exp(qdgo + Ev — ED)/ kT

Where N is the trap state density, N is the doping density, n; and E; are the intrinsic
carrier density and Fermi level in the grain boundary. Under illumination Fermi level
changes to quasi-Fermi level and occupancy of traps also changes. This in turn changes
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the barrier height. The new barrier height is given by

d6L = B o0, (5.10)

where 8 = f/fo, f and fo are the Fermi occupancy functions in the light and in the dark.
The generation rate of the carriers is given by,

Nis
G= U‘/th<7L)[N exp[—q¢e0B°/kT](1 — Bfo) — n1Bfo)- (5.11)

Where o and Vi, are the capture cross-section and thermal velocity of majority carriers.
If the generation rate is known, § can be calculated using the above equation. The gener-
ation rate for air-mass number 1 (AM1) spectrum at the surface and as a function of depth
have been plotted in [149]. The generation rate at the surface is close to 8 x 10>! cm =3 s~
The grain boundary barrier height under illumination can now be calculated. The calcu-
lated values are plotted in Fig. 1 of Ref. [149]. The change in the barrier is small for
initial small decrease in the generation rate but for higher rates the barrier height falls
very rapidly.

Eq. (5.9) shows the barrier height (in the dark) depends strongly on the doping concen-
tration. The barrier height is small for low doping concentration. Initially it increases with
doping concentration and obtains the maximum and with further increase of doping con-
centration, it starts to decrease. Most of the majority carriers go into the traps in the grain
boundary below the maximum. As Fig. 5.26 shows, the carrier concentration decreases
by several orders of magnitude and the conduction becomes space charge limited. We
show the dark current data measured by Koliwad, and Daud [150] in poly-Si solar cells
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FIG. 5.26. Average free carrier concentration and mobility as a function of doping density in polycrystalline
Si. The mobility values are for majority carriers. The grain size for n-Si is 25 um and for p-Si it is 200-270 A.
The straight line is the carrier concentration versus doping concentration for single crystal silicon. Experimental
points lie closely on the curves [151].
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in Fig. 5.27. The shapes of the currents show clearly the space charge limited nature. The
short circuit currents derived by us from the illuminated characteristics are shown. The
currents are higher and the shape is also changed significantly.

We now discuss the second effect. Assuming a one sided diode, the dark current is
inversely proportional to the diffusion length. Using the calculated values of the diffusion
length under illumination, the calculated dark current is shown in Fig. 5.28. At 50 suns
the dark current decreases by a factor approximately 16. Using the equation,

I

Voo = 261
oc n<1d

) MeV, (5.12)
the increase in the open circuit voltage turns out to be 72 MeV. It is well known that
efficiency of the solar cell increases superlinearly with intensity of light. Though short
circuit current increases linearly with the intensity of light, the open circuit voltage and
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FIG. 5.28. The effect of illumination level on the dark current in polysilicon [149].
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fill factor also increase. The efficiency is given by,
n = Is X Voo X FF, (5.13)

the increase in efficiency becomes superlinear. In the poly-silicon solar cell there is an
additional increase due to the increase of the diffusion length under the strong light. This
increase is quite significant as our calculations show.

5.7. Summary and Conclusions

Diffusion length of the exciton is ten times smaller than the penetration depth of most
of the light in the solar spectrum. Bilayer solar cells with a p—n junction in the active lay-
ers are not likely to give good efficiencies. Interpenetrating network of acceptor—donor
polymers (or polymers and small molecules) is a very promising material for designing
and manufacturing high efficiency solar cells. Transport properties of these blends are
not well understood. Both experimental and theoretical work is required in this area. In
a single polymer layer Schottky diode the open circuit voltage is found to be equal to
the difference in work functions of the two electrodes material. However if junctions are
contained in the active layer, the open circuit voltage depends on both the work function
value and on the bandgap values of the constituent materials. There is an urgent need
to find models, which will determine the relative contributions of the electrodes and the
internal junctions to the open circuit voltage. Long term stability of the organic solar
cell continues to be a problem. Better encapsulation technology is urgently required. Un-
published work of Ref. [30] on modeling of the output characteristics of the solar cells
suggests that there is no space charge in a solar cell under illumination. New experiments
should be designed to test this hypothesis.



CHAPTER 6
TRANSISTORS

6.1. Importance of Organic TFTs

Organic thin film transistors are fabricated with a low-temperature process. It is there-
fore possible to fabricate TFT arrays for flat panel displays in a low cost process. The
substrates are low-cost and flexible such as polyethylene terepthalate (PET). The low cost,
large area TFT arrays can be used for many applications, e.g. electronic paper, smart cards
and remotely updateable posters and notice boards. Currently the amorphous-silicon-on-
glass technology is used for such applications. This technology is very expensive. These
applications will only become popular in marketplace if the cost of production is substan-
tially reduced. This is the driving force for the R&D effort in organic TFTs.

Characteristics of organic TFTs reported recently are similar to those of hydrogenated
amorphous silicon (a:Si:H TFTs). Field effect mobility near 1 cm?/V s, on/off current
ratio as large as 108, near zero threshold voltage, and subthreshold swing of less than
1 V/decade have been reported by several groups. Extensive efforts have been made on
optimizing the deposition of the organic semiconductor films and improve the proper-
ties of the gate insulator to obtain better field effect mobility. With the improvement in
the mobility, the effect of contact resistance becomes more severe. This effect degrades
the performance most severely in the linear region. In active matrix displays TFTs are
operated in the linear region.

Photoresponsivity of organic field effect transistors (photOFETS) is interesting since it
is the basis for light sensitive transistors [152]. The possible applications of photOFETSs
are in light induced switches, light triggered amplification, detection circuits and in
photOFET arrays for highly sensitive image sensors [152].

Organic semiconductors are attracting great attention for fabricating OTFTs and opto-
electronic devices [153]. Organic field effect transistors (OFETSs) play a prominent role
in organic semiconductor based electronic devices due to the possibility of switching
and driving thin film transistors (TFT) in flexible displays, smart cards, radio frequency
identification (RFID) tags and large area sensor arrays. Results of the performance of or-
ganic semiconductor devices are now comparable with the amorphous Si devices [154].
The performance of optimized pentacene-based organic thin film transistors (OTFTs) has
become so good that it is now possible that OTFTs are used as drivers of organic light
emitting diodes (OLEDs) in high resolution active matrix displays. As emphasized by
Angelis et al. [154], it is very important to understand the transport mechanisms in the
OTFT structure. In fact, many problems including ageing effects can be solved if trans-
port mechanism is well understood.

Several w-conjugated polymers and oligomers (polyacetylene, several polythiophenes,
Ooct-OPVS5 oligomers, and phthalocyanines) have been used for the active layer of the
transistors.

123
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6.2. Early Work

Francis Garnier [3, and references given therein] fabricated the first transistor using
molecules of sexithiophene. The transistor could be twisted, bent or rolled without de-
grading its characteristics. Computers fabricated using these devices will work at less
than one thousandth of the speed of those made with amorphous Si transistors. They
would be useful in video displays and liquid-crystal displays. In active matrix displays,
each pixel is controlled individually by a thin film transistor. A 50 cm full color display
contains more than two million pixels. Organic transistors, considerably cheaper than the
amorphous Si transistors being used at present, will be a boon to the manufacturers.

A schematic diagram of an early thin film transistor fabricated in 1995 [155] using
a-6T polymer for the active layer is shown in Fig. 6.1. The field conductance of the
same transistor is shown in Fig. 6.2. A review of the early work has been published
by Horowitz [156]. Measurements of characteristics of Ooct-OPV5 (5-ring n-octyloxy-
substituted Oligo[p-phenylene vinylene]) thin film transistor were made by Jain et al.
Ooct-OPVS5 was dissolved in chloroform and spin-cast into thin films. The transistor
showed good I4s—Vys curves for different values of gate voltage. The saturation of the
gate current occurred at a gate voltage of ~—40 V for all values of gate voltage. The
ON/OFF ratio was ~10°. The mobility derived from the analysis of these characteristics
is jupg = 2.56 x 107* cm?/V's.

Jain et al. [127] fabricated and characterized an oligomer OFET. A SiO» layer was first
deposited on a Si substrate. An interdigitating Au-finger structure was formed using a
lift-off technique. Ooct-OPVS5 oligomer with polystyrene (PS) active layer was deposited
over this structure. The square root of the measured drain current /g is plotted as a func-
tion of gate voltage in Fig. 6.3. To interpret the experimental results, theory of Si FETs is
generally used. At high drain bias the current saturates and becomes independent of drain
voltage. The saturation drain current is given by,

urEW Cox
2L
The subscript gg in the mobility upg is used to emphasize the fact that the mobility de-
termined from the OFET data is different from that determined from the diode data. W is
the device width, Cy is the capacitance of the oxide layer, and V; is the threshold voltage.

Idsat = (Ve — V2. (6.1)

o-6T

Source Drain

Au S|02

Si substrate (gate)

FIG. 6.1. Schematic diagram of the thin film transistor using an «-6T polymer for the active layer [155]. Gold
source and drain pads are fabricated using the photolithographic technique. The gate length varied between 2.5
and 150 nm and the width was 250 um. The polymer (from 2.5 to 150 nm thick) is sublimed over the contacts.
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FIG. 6.2. Field-induced conductance of the «-6T thin film transistor as a function of gate source voltage for
different thicknesses. The channel length of this transistor is 12 um and the drain source voltage is —100 V
[155].

In practice large gate voltages are used and threshold voltage is small. Therefore accord-
ing to this equation a plot of /4 st versus V, should be a straight line with its slope
proportional to ppg. This provides a method for determining the field effect mobility of
the material of active layer. The mobility in Ooct-OPVS5:PS measured in this manner is
3.24 x 107* cm?/Vs.

A comparison of the polymers and amorphous inorganic semiconductors is interest-
ing. The conductivity is small in both cases due to the presence of large concentration of
traps. The plot of In / versus 1/7T has many similar features. In both cases the transport
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FIG. 6.3. /I versus gate voltage in saturation regime of the organic FET. The active layer consisted of
Ooct-OPV5:PS blend. The drain source voltage was —30 V [127].
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is dominated by drift of carriers in the extended states at high (near room) temperature
and by tunneling and hopping mobility at low temperatures. However there is one impor-
tant difference between the two materials [157]. In amorphous Si the atoms are bound
by covalent interactions. In the organic compounds the atoms are weakly bound by van
der Waals forces. Consequently hydrogenated amorphous Si has wide conduction and
valence bands, and the traps are distributed over the whole bandgap. The conduction and
valence bands in organic semiconductors are narrow. The trap distribution, at least in
some polymers, is confined to a narrow energy range, e.g. in alpha-conjugated sexithio-
phene («¢-6T) [157].

6.3. Effect of Traps
Horowitz and Delannoy [157] have modified the TFT theory to take into account the

presence of the traps and the trapped charges. The main equations used in their model are
given below.

ne = Ne , 6.2)
1 +expl(Ec — EF —qV (x))/kT]
ng = M , 6.3)
1 +expl(E — Er —qV(x))/kT]
) V)
F2(V)=—— / ProtdV, (6.4)
€€p
0
Vs
_ Pt
Ost —f Fo(V) dv, (6.5)
0
Vs
_ Pt
Ost = / Fo(V) dv, (6.6)
0
QOtotal = Ost + Ost- 6.7)

The symbols used in the above equations are: n¢ and n; are densities of free and trapped
charge carriers in the volume of the active layer, T is the temperature, N; is the trap den-
sity and N is the conduction band density of states. The axes are defined in Fig. 6.4(a).
E. is the conduction band edge, Er is the Fermi level and E; is the trap depth (see
Fig. 6.4(b)). Fy is electric field along the x-direction, Qy and Qjgr are the trapped and
free surface charge densities, and p = gn is the volume charge density. Note that the cur-
rents in the transistor are not space charge limited. Space charge which limits the current
(in polymer diodes for example) is created by the rapidly varying charge carrier profile in
the direction of the current flow. The situation in the FET is quite different. The carriers
are induced by the gate voltage uniformly from source and drain.

The difference between the above theory and the conventional theory used for polymers
is the inclusion of Egs. (6.3) and (6.5). When traps are introduced the total charge in the
active layer increases and therefore surface potential and gate voltage also change. If we
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FIG. 6.4. (a) Schematic diagram of an n-type organic thin film transistor. (b) Energy level scheme of an accu-

mulation layer for an n-type semiconductor with a single trap level of energy Et. g Vs is the band bending at the
surface [158].

A 4

hold the surface potential at a fixed value, the free charge densities will change when the
traps are introduced. Numerical results of Horowitz and Delannoy [157] demonstrate that
the characteristics of the OFET are considerably modified by the presence of traps.

The electric field at the interface of the oxide and the active layer is large. As discussed
earlier, the field assists the ionization of the traps due to the Poole—Frenkel Effect. The
trap depth is reduced by an amount +/F and the number of trapped carriers is reduced.
Following Horowitz and Delannoy [157] we consider the traps at a single level located
near the band edge [158] in an n-type polymer. The treatment is quite general and can be
extended to p-type polymers quite easily. When PFE is included, Eq. (6.3) changes to,

N
T T expl(Ei — Er — qV)/KT1expl(—Bern/ (V) )/KT1 ©®
where
q3 1/2
BrE = ( ) . (6.9)
TE€

The effect of screening on 8 can also be taken into account, see [158, and references
given therein] for details. However the theory can be fitted with the experiment without
the screening effect. Introduction of Eq. (6.8) makes the calculation of the trapped carrier
density n, difficult. This equation involves the electric field F and Eq. (6.4) shows that
the calculation of electric field involves both free and trapped carrier densities. A self-
consistent numerical calculation of electric field and trapped carriers is made using the
method of iteration. First electric field F (V) is calculated using Egs. (6.2), (6.3), and (6.4)
and neglecting field dependent trap occupancy (FDTO). Using this electric field a new
value of n, is then calculated using Eq. (6.4). Electric field is again calculated using this
new value of n;. This process of iteration is repeated until reproducible values of n; and
F are obtained.

6.4. High Field Effects

A schematic diagram of an organic thin film transistor (OTFT) fabricated by Rashmi
[158] is shown in Fig. 6.4(a). Here L is the channel length and S and D are the source
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FIG. 6.5. (a) Trapped carrier density n¢ (with and without field effect) and free carrier density ny as a function
of band bending in a semiconductor with one single level trap at energy 0.2 eV from conduction band and
Ny = 1019 / cmd. Other parameters are listed in column A of Table 6.1. (b) Free surface charge density to total
induced charge ratio versus gate voltage in an n-type organic TFT with a trap level at 0.2 eV from conduction
band edge. Other parameters are listed in column A of Table 6.1 [158].

and drain. When a voltage is applied to the gate, band bending takes place in the active
layer as shown in Fig. 6.4(b). Several other papers were published on fabrication and
characteristics of OFETs in the early years [159,157,158, and references given therein].
The quantity of practical interest is the dependence of carrier densities on the gate voltage
(and not only on the band bending or surface voltage). The gate voltage V, and surface
voltage Vj are related by the properties of the gate insulator,

Ve =Vi+ Vs, (6.10)
where V;, the voltage drop across the insulator, is given by,

eeo ks

Vi= c (6.11)
The calculated free and trapped carrier densities are shown by the dashed curves in
Fig. 6.5(a). The trapped carrier density is much larger than the free carrier density at the
edge of the active layer away from the gate where the band bending voltage V is small.
As one moves closer to the gate and to larger band bending, the trapped carrier density
saturates and the free carrier density becomes larger than the trapped carrier density. This
result is similar to that obtained with polymer diodes and shown in Fig. 3.8.

The field is a function of band bending voltage V and since V depends on x, field is
also a function of x. We first calculate the charge distribution and the field F; as a function
of the surface potential Vs. The gate voltage is then calculated by adding the drop across
the insulator to V;. To calculate the drain current we use the following equations [157],

Vg
W

w="u [ 10aVoldve Vi<V (6.12)

Ve—Va

and
Vg
w

losaw = 1 |0 (Vo) |d Ve, Vg > V. (6.13)

0
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FIG. 6.6. (a) Calculated values of surface potential Vi plotted as a function of gate voltage. The dashed curve
is obtained using the theory of Horowitz and Delannoy [157]. The solid curve is the result based on the FDTO
model. (b) Saturation drain current (/g s5) versus gate voltage (V) plot of the numerically computed current of
an Organic TFT (with and without the field effect). Parameters used are given in column A of Table 6.1 [158].

I4 sat 1s the saturation current. A key parameter is the ratio 65 of the free surface charge
density to total induced charge density [157]. 0 is plotted as a function of gate voltage in
Fig. 6.5(b).

The effect of FDTO on surface potential is shown in Fig. 6.6(a). In this figure surface
potential is plotted as a function of gate voltage. For a given gate voltage, surface potential
increases in the FDTO model. At V; ~ 10 V band bending increases by about 25%. The
calculated Ig s is shown in Fig. 6.6(b). The saturation current increases faster when
FDTO is used. The increase is very large at high gate voltages.

The above discussion demonstrates that high field effects included in the FDTO model
modify the OFET characteristics very significantly. The FDTO model is in very good
agreement with the experimental results. The model has been compared with two sets of
experiments [158]. The experimental data for «-6T [157] is compared with the FDTO

100 = Experimentallplot 80 - --- Experimental plot
g — Theoretical fit (our model) g AN —— Theoretical fit
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FIG. 6.7. (a) Numerically computed /(Iq sa1) versus Vg plot compared with experimental curve of an o-6T
TFT obtained by Horowitz and Delannoy [157]. The calculations have been made using the FDTO model.
(b) Same as (a) but for a pentacene TFT. The calculated values are shown by the solid curve. The dashed curve
represents experimental data taken from Klauk et al. [160]. The values of the parameters used in the fitting the
data with the model are given in column B for (a) and in column C for (b) of Table 6.1. The figure is taken from
[158].
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TABLE 6.1
VALUES OF THE PARAMETERS USED IN THE NUMERICAL CALCULATIONS OF FIGS. 6.5-6.7 [158]

Nomenclature A B C
Temperature (K) T 300 300 300
Density of states (per cm3) N¢ 1021 - -
Density of states (per cm3) Ny - 5 x 1021 5 x 1021
Trap density (per cm?) Ny 1019 2.5 x 1019 2 x 1019
Trap level (eV) Ei—Ey - 0.23 0.15
Fermi level (eV) E. — Ep 0.5 - -

Fermi level (eV) Erp—Ey - 0.5 0.5
Mobility (cm?/V's) n 0.1 0.0013 0.2
Dielectric constant €/€o 2 2 2
Insulator capacitance (nF/ cmz) Ci 10 25 17

Gate width (cm) w 0.1 0.031 0.005
Gate length (cm) L 0.001 0.009 0.001

The values used in fitting the theory with the experimental data are given in column A for Figs. 6.5-6.6, in
column B for Fig. 6.7(a) and in column C for Fig. 6.7(b). Horowitz and Delannoy [157] have used Nt =
4.2 x 10" /cm3 and Ny = 1.7 x 102! jem3.

model in Fig. 6.7(a). Pentacene TFT experimental data taken from Klauk et al. [160] is
compared with the model in Fig. 6.7(b). The agreement is very good in both cases.

Numerical calculations show that E; affects significantly the /14 versus V; plots. The
other parameters have smaller effect on the drain current. Some of the parameters ob-
tained with the FDTO model are different from those obtained in Ref. [157]. To obtain
accurate values of the material parameters, the use of a model based on sound physics is
essential.

6.5. Transport in Polycrystalline Organics
6.5.1. EFFECT OF GRAIN BOUNDARIES

It is known for many years that the mobility of highly pure and defect free crystals
of small molecules follow the same behavior as the inorganic semiconductors [161].
The mobility decreases with temperature. This indicates that transport is in the bands.
However small molecular polaron models can also account for this temperature behav-
ior. Horowitz [161] has investigated the current flow in thin film Organic Field Effect
Transistors (OFETs) based on polycrystalline organic materials. Horowitz [161] devel-
oped a model in which transport takes place in the delocalized states but it is restricted
by the distribution of shallow traps near the band edges. The polycrystalline materials
consist of two regions: grain which are more like a single crystal and the grain boundary
which contain large densities of defects and traps. The modeling of two dimensional case
is necessary for thin films. The modeling of the two dimensional is different from the
three dimensional case. It is not possible to obtain an analytical solution for the problem.
The problem is simplified if one assumes that the component of the electric field along
the channels is much smaller than across it. This is the well-known graded channel ap-
proximation. The field across the channel is given by Gauss’s law. Horowitz [161] also
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FIG. 6.8. Schematic view of the transistor used by Horowitz [161].

fabricated a OTFT to validate his model. The structure fabricated by Horowitz is shown
in Fig. 6.8. Sexithiophene organic was used for active layer. The structure of sexithio-
phene is shown in Fig. 6.9. The Rod-like molecules stack in layers, long axes are parallel
to each other. The thickness of the layer DN is somewhat smaller than the length of the
rod-like molecules (see Fig. 6.9).

To simplify the problem, Horowitz assumed that the traps are at a single energy level.
Barrier height is the maximum at the gate voltage more than about 30 V. The longitudinal
field applies only in the space charge region which does not extend far from the GB. The
variation of W was calculated. Except at very low gate voltage, W is not sensitive to the
temperature. W becomes less than 1 nm at a gate voltage more than 20 V.

The numerical analysis showed that the transport is limited by a barrier created at
the grain boundaries (GBs). A low doping in the material was considered in the analy-
sis. However, a large density of free carriers is created by a voltage applied to the gate.
The gradual-channel approximation was used. The width of the barrier was found to be
smaller than the width of the GB. The transport of charge carrier was modeled based on
tunneling through the barrier. The tunneling was assumed to be elastic, the barrier was
assumed to be square in shape and one electron approximation was used. To check the
model, gate voltage dependent mobility was measured at 11 K on a sexithiophene tran-
sistor. The measured value agreed with the results obtained by numerical calculations
for reasonable values of trapped carrier density and GB width. However, the calculated
value of mobility was much higher than the measured one. The probable cause for this
discrepancy is that actual tunneling is not elastic.

6.6. Pentacene TFTs

The OTFT parameters, field effect mobility, modulated on/off current ratio, and thresh-
old voltage, depend on the molecular structure of the semiconducting film. Molecular
ordering and crystalline orientation of the organic semiconductor in the thin film have
a large affect on the performance of the TFTs. The charge carriers electrons or holes
generally increase with the molecular chain ordering or improved crystalline quality.

Aromatic hydrocarbon pentacene is important for application in OTFTs as it has supe-
rior field effect mobility, good semiconducting behavior, and stability [153]. The chem-
ical structure is shown in Fig. 6.10. Pentacene semiconductor films can be fabricated by
sublimation in a vacuum deposition system. Optimization of the fabrication parameters,
such as the substrate temperature and deposition rate, can yield a highly ordered pen-
tacene film with improved device performance. Oriented films have optical and electrical
anisotropies.
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FIG. 6.9. Structure of sexithiophene [161].




Transistors 133

T
Z

FIG. 6.10. Schematic of the chemical structure of pentacene.

The organic TFT arrays must demonstrate a level of performance at least equal to the
amorphous silicon state of the art before they can be widely used. The only material that
has shown such performance is pentacene. Angelis et al. [154] fabricated high quality
polycrystalline pentacene-TFTs and measured the electrical characteristics at different
temperatures. They obtained high quality transistors by using polymethylmetacrylate
(PMMA) buffer layers. The technique of improving the quality of these TFTs by us-
ing PMMA buffer layers is well known. Angelis et al. [154] determined the effective
density of states of the localized states and the carrier mobility. Devices were made in
two configurations, with TOP contact (TC) and BOTTOM contact (BC). Heavily doped
silicon wafers were used as substrates; they acted as gate electrodes also. The gate insula-
tor was formed by thermally oxidizing Si. (Silicon dioxide thickness was dox = 150 nm.)
In BC configuration the source and drain gold contacts (30 nm thick) were defined by
optical lithography and wet etching. The channel lengths L = 7, 15, 25, 100, 500 um
and channel width W = 200 pm were used. Thin buffer PMMA layers were deposited on
the substrate. The thin PMMA films improve the quality of the polycrystalline pentacene.
Thermal evaporation of 97% purity pentacene was used to fabricate the active layers.
For top contact (TC) configuration, source/drain gold contacts were evaporated through a
shadow mask on top of pentacene active layer. The length and width of the contact layers
were: L = 100 ym, W = 200 um.

Transfer characteristics of both top and bottom configurations of the pentacene de-
vices were measured at Vgs = —1 V. The field effect mobility in TC devices was
ure = 1.4cm?/Vs. The values of subthreshold slope and threshold voltage were
S =0.5V/decand Vi, = —13.5 V. BC devices (L = 100 um) show upg = 1.1 cm2/V S,
S =0.3V/dec, and Vi = —6.6 V. At the time the paper was published, the performance
was best for long-channel pentacene-based BC TFTs. The output characteristics of TC
and BC devices are shown in Fig. 6.11. They show a good linear behavior at low Vs as
well as an excellent saturation region at high Vy. There is a difference between the char-
acteristics of the TC and BC devices. In TC device the current flows from the channel to
the drain through the pentacene active layer whereas in the BC configuration holes are in-
jected from the gold source contact into the pentacene channel through the PMMA buffer
layer. They are extracted from the drain through the PMMA. The buffer layer introduces
a parasitic resistance and this reduces the ppg in the BC devices. With shorter channel
lengths ppg = 0.37 cm?/V s has been obtained for L = 7 um. However, the thin PMMA
buffer layer still allows sufficiently good ohmic contacts.

Transfer characteristics of TC pentacene TFTs have also been measured at different
temperatures in the range between 205 and 300 K (see Fig. 6.12). As shown in Fig. 6.13,
the field effect mobility and threshold voltage, evaluated from the slope of the linear
portion of the transfer characteristics, monotonically increase with temperature.
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FIG. 6.11. Experimental (symbols) output characteristics of (a) BC and (b) TC pentacene TFTs, measured at
T = 300 K and different gate voltages (L = 100 um, W = 200 um, dox = 60 nm). Also the solid lines are the
simulated output characteristics of TC pentacene TFT [154].

The DOS was extracted from the analysis of the sheet conductance, G, at different
temperatures. The calculated DOS (see Fig. 6 of [154]) can be represented by the sum of

two exponential tails:
E — Ef E — Eg
+ Ngex ,
Eq ) ¢ p( Eq )

where Ny = 1.2 x 102]/cm3 eV, E; = 17meV, Ng = 6 x 10‘9/cm3 eV and Eqy =
85 meV. This approximated DOS was used in the 2D numerical device analysis program
DESSIS, using conventional drift-diffusion transport model, to simulate the transfer and
output characteristics at different temperatures. Figs. 6.11 and 6.12 show that the transfer
and output characteristics are very well reproduced in the temperature range considered.
The model based on the spatially uniform DOS and conventional drift-diffusion transport
model is quite useful for analyzing the transfer characteristics of pentacene TFTs and that
the DOS, obtained from this procedure is quite accurate.

N(E) = N; exp( (6.14)
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Vags & —1V), of as fabricated TC pentacene TFTs for three different temperatures: 300 K (squares), 240 K
(circles), 205 K (triangles) (L = 100 ym, W = 200 pm, dox = 60 nm) [154].
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To summarize this work, Angelis et al. [154] fabricated high quality pentacene OTFTs
in two configurations, i.e. with top and bottom contacts. They determined a field effect
mobility higher than 1 cm?/V s. The transfer characteristics of the top contact TFTs were
measured at different temperature and analyzed using a model based on the assumption of
a spatially uniform distribution of localized states. The calculated DOS can be represented
approximately by the sum of two exponential tails given by Eq. (6.14). The calculated
DOS is an effective DOS, including the contributions of the in-grain and grain boundary
defects as well as of the dielectric/pentacene interface defects. Using this DOS, transistor
characteristics were calculated using the 2D numerical device analysis program DESSIS,
assuming a drift-diffusion transport model.

Anisotropic mobility is useful in isolating neighboring components to reduce the cross-
talk in logic circuits or pixel switching elements used in displays. Recently, several
methods have been developed to align organic semiconducting films with anisotropic mo-
bility, including mechanical stretching, liquid crystalline self-organization, rubbing, and
photoalignment. The ion-beam (IB) alignment method, a non-contact alignment tech-
nique, is applied in [153] to align pentacene molecules. The IB alignment method can
generate an easy-orientation axis on the surface of a polymer (polyimide). The alternative
rubbing technique has drawbacks, e.g. sample contamination, static charge generation,
production of scratches. Chou et al. [153] have used successfully ion-beam alignment
and used it to generate pentacene OTFTs with anisotropic electrical characteristics and
carrier mobility that was an order of magnitude higher than that of a typical device with
pentacene grown directly on the surface of native SiO, (see Table 6.2 and Fig. 6.14).
The thin films of pentacene were studied by X-ray diffraction, scanning electron mi-
croscopy, polarized photoluminescence, and polarized Raman spectroscopy. The authors
investigated the anisotropy if the OTFTs fabricated with IB alignment technology. In-
terpretation of Raman spectroscopy measurements showed that IB alignment technology
increased carrier mobility within an active layer. The microstructure of pentacene films
was studied using polarized photoluminescence and Raman spectroscopy.

Mottaghi and Horowitz [164] have investigated the degradation of carrier mobility in
pentacene TFTs due to effect of electric field. They fabricated pentacene-based OTFTs
with bottom-gate, top-contact architecture. Alumina was used as substrate. In one set of
devices pentacene was deposited directly on alumina. In the second set of devices a fatty

TABLE 6.2
THE EFFECT OF THE ION BEAM TECHNOLOGY ON THE PENTACENE FILMS [153]

Ion-beam direction Crystal Crystal — Mobility of =~ Mobility of Dichroic  Dichroic

with respect to size disorder linear region  saturation ratio ratio

current flow A (%) (cm2 /Vs) region (linear (saturation
(cm2 /Vs)  region) region)

Ion bean perpendicular 287.2 1.08 0.141 0.155 2.39 2.19
Aligned parallel 0.059 0.0629
Nonaligned non 230.9 1.38 0.005 0.019

Crystal size, crystal disorder, and field effect mobility of pentacene films grown on the surface of ion-beam
treated and native SiO;. Dichroic ratio signifies alignment of pentacene perpendicular to the ion-beam direction.
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FIG. 6.14. Drain source current drain source voltage characteristics of three pentacene OTFTs. The up and
down triangles indicate the data from devices with ion-beam treated SiO, layers, in which the treated directions
of the ion beam are perpendicular and parallel to the direction of the current flow in the channel, respectively,
while the circles represent the data from the device without the ion-beam processing [153].
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FIG. 6.15. Gate voltage dependent mobility of the device [164].
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acid self-assembled monolayer (SAM) was first deposited on alumina and pentacene was
deposited on the monolayer. The use of SAM buffer decreases substantially the grain size
in the polycrystalline films. Mottaghi and Horowitz [164] analyzed carefully their ex-
perimental data and determined the threshold voltage, and contact resistance. They then
determined the gate-voltage dependent mobility in both sets of devices. The mobility is
found to first increase at low bias, and then decrease at higher gate voltage as shown in
Fig. 6.15. They could explain the latter behavior through an estimation of the distribution
of charges across the accumulation layer. They found good agreement if it is assumed
that the mobility in the layer next to the insulator was negligible as compared to that in
the bulk of the film. The initial rise of the mobility is interpreted in terms of multiple trap
and release (MTR) with a distribution of traps located in the grain boundaries. The mo-
bility was corrected for both contact resistance and mobility degradation. The corrected
mobility was around 3 cm?/V s for pentacene deposited on bare alumina, and 5 cm?/V s
when pentacene is deposited on SAM modified alumina. The authors suggested that the
smaller grains grown on modified alumina are more regular, and hence less defective,
than the larger grains deposited on bare alumina.

Guo et al. [165] prepared the pentacene films by the organic molecular beam deposi-
tion method. They investigated the effect of thermal annealing on the morphology and
carrier mobility of the pentacene thin film transistors (TFTs). The effect on morphology
is shown in Fig. 6.16. For all the TFT samples the plots of mobility versus 1/7T were
Arrhenius as shown in Fig. 6.17. The mobility is controlled by a thermally activated
transport that could be explained by the carrier trap and thermal release transport mech-
anism. In order to investigate the annealing effect, they tested the data for a significant
period of time after annealing until the temperature recovered to room temperature, so
that the thermal activation effect was screened and possible effects of thermal expansion
and stress were also ruled out. Guo et al. [165] showed that when thermal activation ef-
fects are eliminated, the mobility increased at annealing of a low temperature of 45 °C.
If the annealing is done at temperature >50 °C the mobility decreased. Structural studies
showed that structure changes take place at a temperature much lower than the melt-
ing point. The grain size decreased and XRD peak intensity decreased. These changes
take place at the lower temperature because of the weak binding due to van der Waals
forces.

6.7. Contacts

Ohmic contacts in Silicon metal-oxide-semiconductor field effect transistors (MOS-
FETs), polycrystalline Si TFTs, and a:Si:H TFTs are made by using heavily doped
regions. Attempts were also made to selectively dope the contact regions of OTFTs by
intercalating electron accepting molecules, such as FeCl3 or I,. The results were not very
encouraging. Since then, only small amount of work has been done on “doping” methods
for forming contacts. Now Schottky source and drain contacts are generally formed. In
this work effect of the device processing, choice of contact metal, and device design have
not been discussed. Gundlach et al. [163] have investigated the parasitic contact effects
in pentacene TFTs. They fabricated the transistors using different designs and contact
metals. Pentacene TFTs with gold (Au) contacts extracted from top contact (TC) and
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FIG. 6.16. AFM images showing the morphology of (a) a room temperature (RT) reference sample without

°C annealed sample, (c) the 50 °C annealed sample; (d) magnified image of the 50 °C

annealing, (b) the 45

(f) magnified image of the 45 °C annealed sample, and

(g) magnified image of the 70 °C annealed sample, where the white arrow indicates a cavity showing the bare

substrate. The corresponding height profiles of the black lines indicated in (e)

annealed sample, (¢) magnified image of the RT sample,

(g) are also illustrated [165].
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FIG. 6.17. Arrhenius plot of the logarithm mobility versus the reciprocal temperature [165].

bottom contact (BC) gated-TLM test structures, were studied. BC pentacene TFTs with
palladium (Pd) contacts were also investigated. Choice of contact metal affects the charge
injection of charge carriers very significantly. The device operation and performance de-
pend strongly on the device design and processing. Energy-band diagrams are of limited
use for selecting contact metals. If the source and drain contacts are of asymmetric met-
als the charge injection at the source contact is more important for the extrinsic device
performance (see Fig. 6.18). Importantly, Gundlach et al. [163] showed that parameters
used to describe the device performance and operation, such as V; and p, are strongly
dependent on the contacts and may not reflect the channel properties of the device. The
parasitic resistance R), in TC and BC pentacene TFTs was determined to be similar to Rep
and scaling studies show that OTFT performance may be contact limited for L < 10 um.
Preliminary 2D simulations show that BC TFT performance is more strongly affected by
the formation of a Schottky barrier than TC TFT performance. Some other effects, e.g.
tunneling mechanisms, film morphology and microstructure, contact contamination and
chemistry, and in-gap trap states were not taken into account. The results for BC devices
with Pd contacts indicate that the film microstructure at the contacts affects the charge
1njection.

6.8. Organic Phototransistor

Several organics, e.g. pristine poly(3-octylthiophene), polyfluorene, bifunctional spiro
compounds and polyphenyleneethynylene derivative, have been used for fabricating
photOFETs. Responsivity as high as 0.5-1 A/W has been achieved in some of these
transistors. We have already discussed the bulk heterojunction concept in Chapter 5. The
bulk heterojunctions are fabricated using acceptor materials with high electron affinity
(such as Cgq or soluble derivatives of Cgg) mixed with conjugated polymers as electron
donors. PhotOFETs based on conjugated polymer/fullerene blends are expected to show
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had dimensions of L = 10 um, W = 220 um, and SiO, gate insulator thickness of 290 nm. The dashed lines
correspond to the devices biased with the Pd contact as the source [163].

higher photoresponsivity as compared to devices with single components. Marjanovic et
al. [152] fabricated photoresponsive organic field effect transistors (photOFETs) based on
conjugated polymer/fullerene solid state blends as active semiconductor layer. The poly-
vinyl-alcohol (PVA) or alternatively divinyltetramethyldisiloxane-bis(benzocyclobutene)
(BCB) as gate dielectrics. When PVA is used as dielectric, the responsivity of the transis-
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tor is high but photostability is poor. If photOFETs fabricated with BCB as dielectric the
transistor behavior in a broad range of illumination intensities is good and photostability
is also good even at high illumination.

The chemical structure of PCBM and MDMO-PPV was shown in Fig. 5.15. The chem-
ical structure of other compounds is shown in Fig. 6.19. A schematic structure of the
phototransistor is shown in Fig. 6.20. The top source-drain contacts were made using
LiF/Al. The devices are dominantly n-type transistors. If PVA is used as gate insulator,
gate voltage induced saturation occurred upon illumination. The drain source current is
increased by more than two orders of magnitudes upon illumination. The increase occurs
due to generation of a large number of free carriers due to photoinduced charge trans-
fer at the conjugated polymer/fullerene bulk heterojunction upon illumination. The dark
transfer characteristics change after illumination. The initial dark characteristics can be
restored either by applying a large negative gate bias or by annealing. The observed -V
curves of the phototransistor are shown in Fig. 6.21.

OH

BCB PVA

FIG. 6.19. Molecular structure of BCB and PVA; [152].
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Semiconductor
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ITO

Glass

Light

FIG. 6.20. A schematic structure of the phototransistor [152].
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FIG. 6.21. (a) Output characteristics of the MDMO-PPV:PCBM (1:4) based photOFET fabricated on top of a
PVA gate-insulator with LiF/Al as top source and drain electrodes in the dark, (b) transfer characteristics of the
device in the dark (filled square symbol curves), under AM1.5 (1 mW/cmz) illumination (open square symbol
curves) and in the dark after illumination (filled triangular symbol curves) measured at Vg = +80 V. The
arrows show the sweep directions [152].

6.9. Organic Dielectrics

Generally pentacene devices are fabricated on silicon wafers with a layer of SiO;
serving as the gate dielectric. Performance of the transistor is improved by the use of a
self-assembled monolayer of octadecyltrichlorosilane or similar material [162]. Recently,
field effect mobilities up to 3 cm?/V s in pentacene films deposited on the styrenic poly-
mer poly(4-hydroxystyrene) (PHS) have been reported. The PHS was used both as the
substrate and as the gate dielectric. The growth of the pentacene film was done by va-
por deposition on PHS. Subsequently, it has been suggested that thin coatings of poly
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(methylstyrene) on SiO, can produce mobilities up to 5 cm?/V s in pentacene devices.
In a thin film transistor the current is confined to a very thin region at the interface
between the semiconductor and the dielectric. Therefore morphology and chemistry of
the dielectric are critical for good device performance. It is known that in amorphous
semiconductors, using a low permittivity (nonpolar) fluoropolymer results in substantial
improvements in mobility. Nunes et al. [162] investigated if there are materials within the
broad range of styrenic polymers which offer performance advantage similar to PHS, and
have improved chemical, structural, and electrical properties.

Nunes et al. wanted to find out whether transistors made with PHS and other organic
dielectrics could show the excellent performance already reported for the pentacene tran-
sistors. This will help to determine whether other polymers with improved characteristics
can be found. They investigated the effect of PHS on important device characteristics,
threshold voltage and subthreshold slope. The dielectrics they investigated and their di-
electric properties are shown in Fig. 6.22. Measured mobilities in transistors fabricated

%1%%%
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FIG. 6.22. (a) Chemical structure of the polymer dielectrics used by Nunes in his experiments. (b) Measured
dielectric permittivities of the five styrenic polymers from 40 Hz to 1 MHz [162].
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F1G. 6.23. Histograms of the measured (a) linear and (b) saturated regime mobilities for transistors fabricated
with styrenic polymer dielectrics. The Gaussian curves are meant only as suggestive of the parent distribution
for each measurement set. The histograms are offset vertically for clarity. The order of vertical arrangement is
the same in both the left- and right-hand sides of the diagram [162].

with these dielectrics are shown in Fig. 6.23. Transistors made with PHS showed high mo-
bility. However there are other polymers which offer better device characteristics, mainly
because of their nonpolar nature. In transistors fabricated with the use of PMS as dielec-
tric showed mobility comparable to that of the PHS devices. At the same time there was
significant improvement in the other characteristics. The mobility for PVPyr devices was
the lowest observed. The average of the V; measurements for PVPyr was practically zero.
This indicates relatively fewer traps at the interface. Further work is necessary to deter-
mine whether a surface treatment and/or different set of deposition conditions could be
found which would improve all the characteristics.

The AFM pictures of the pentacene films on styrenic polymers in the channel region
of transistors are shown in Fig. 6.24. The mobility observed on PHS is lower than the
best values reported in the literature. It may be possible to obtain improvements in the
mobility values without degrading other characteristics. The average mobility for these
devices was almost twice that observed for the PHS devices, implying that pentacene
transistors with a field effect mobility in the range of 6-10 cm?/V s should be achievable,
which would expand very significantly the range of applications for organic TFTs. In
order for these devices to be practical, however, the source of the scatter would have
to be significantly reduced. In fact, though transistors fabricated using PS, PMS, and
PVPyr showed a much narrower distribution in device properties than those fabricated
with PVN and PHS, the variation in all cases is too large for a manufacturing process. To
make organic, flexible electronics a practical reality, the sources of this variation must be
determined and controlled.
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FI1G. 6.24. AFM images of pentacene growth on styrenic polymers in the channel region of transistors. Most
of the substrates show crystallites of the usual dendritic form, with the exception of PVN, where the dendritic
growth appears to be somewhat suppressed. The needle-like growths visible in the image are most likely pen-
tacene dihydride [162].
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